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 Unconventional shale gas extraction has grown significantly over the past decade in 
Washington County, Pennsylvania; 1362 unconventional wells had been drilled by the end of 
2015. This study analyzed ten years of industry data to generate an overview of development and 
assess the resultant environmental impacts. Analyses of industry data obtained from PADEP and 
DCNR indicate well longevity may be overestimated while land and water usage is 
underestimated. To evaluate possible water quality impacts, a survey was conducted, with 99 
ground and surface water samples collected and analyzed. 82% of samples exceeded at least one 
EPA (S)MCL, with iron exceeded in 72 samples. 37% of survey respondents noticed changes in 
water quality or quantity; detection of methane and ethane in samples; changes in water quality 
from industry pre-drill results; and similarities in concentration ratios of freshwater and oil and 
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CHAPTER 1: BACKGROUND 
1.1 Introduction 
 The rapid expansion of unconventional shale gas development (USGD) in many parts of 
the country has brought both excitement and concern, resulting in much debate over the 
accompanying benefits and risks. Natural gas is a major part of the U.S. energy strategy and is an 
important fuel for many industries, including electric power generation (GWPC and ALL 2009). 
Shale gas is estimated to contribute almost one quarter of all of the technically recoverable 
natural gas resources in the U.S. (NETL 2013) and it has increased the supply and expanded the 
development of other natural gas liquids (NGL). 
 Increased natural gas production and reserves reduces the country’s reliance on foreign 
resources (Kerr 2010), and provides the opportunity for the U.S. to shift from importer to 
exporter in the future. Natural gas also reduces greenhouse gas emissions as it emits less carbon 
dioxide and other air pollutants (e.g. mercury and sulfur dioxide) than other fossil fuels during 
combustion (US DOE 2016). Further, the economic benefits of the USGD industry are important 
at the community scale and include employment opportunities, royalties for landowners, and 
revenue for local economies (Kinnaman 2011). 
 On the other hand, there are many environmental concerns regarding the extraction of 
unconventional natural gas, particularly the potential contamination of ground and surface waters 
(Olmstead et al. 2013). There are also many uncertainties in the parameters economic forecasts 
are based on: the quantity of recoverable natural gas is not certain (Schumann and Vossoughi 
2012); production decline curves may be steeper than expected (Hughes 2013); and the large 
increase in supply creates strong fluctuations in market prices (Kerr 2010). If history is any 
guide, given these uncertainties, USGD could be a “boom and bust” industry. In particular, the 
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amount of recoverable gas and well production lifetime projections may be overly optimistic 
(NETL 2013) and the economic benefits and employment statistics may be inflated (Herzenberg 
2011). 
 
1.2 Unconventional Shale Gas Development 
 Natural gas is formed when large, complex organic carbon molecules are broken down by 
either microbial activity or thermogenic processes to create simpler hydrocarbon molecules 
(Jackson et al. 2013b). Natural gas with a biogenic origin forms due to microbes breaking down 
organic material and is usually found in shallower geologic formations and aquifers (Jackson et 
al. 2013a), whereas natural gas with a thermogenic origin forms due to the degradation of 
organic material in deep rock formations under high pressures and temperatures (Molofsky et al. 
2013). Shale gas is natural gas, a hydrocarbon mixture comprised mostly of methane (Schumann 
and Vossoughi 2012), found in the relatively impermeable shale rock formations beneath the 
earth’s surface.  
 Shale is a sedimentary rock, formed from the compression and compaction of deposited 
fine-grained sediments. The small grains lie flat and pack closely together, resulting in flat sheet-
like layers of rock once it solidifies. These rocks have low permeability – gases and fluids do not 
easily flow though pore spaces because connections are limited. Organic material from algae, 
plants, or animals can be deposited along with sediment; millions of years of high temperature 
and pressure break down the organic matter to create a source of natural gas while the rock itself 
creates a reservoir (Flaherty and Flaherty 2014).  
 Conventional natural gas plays are permeable formations that trap natural gas after it has 
formed and migrated from its source rock (Kerr 2010). Vertical wells drilled into conventional 
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formations are able to economically capture the trapped gas without the need for additional 
stimulation; the gas will naturally flow through pore spaces to the well (Schumann and 
Vossoughi 2012). On the other hand, natural gas found in tight gas sands and organic-rich shales 
are considered unconventional due to the low permeability of the source (Halliburton 2008). 
Shale gas is held in unconnected pores and natural fractures within the formation and a 
stimulation technique, such as hydraulic fracturing, is required to create connections between 
these isolated spaces along with new fractures. 
 Vertical wells have been producing small amounts of gas from shale formations for many 
decades. The first producing Devonian Shale gas well was completed in 1821 (Arthur et al. 
2008), but it was not until very recently that it became possible to retrieve shale gas on a 
marketable scale. During the 1990s, in order to enhance the recovery of gas from vertical wells 
drilled in the Barnett Shale formation in Texas, experimentation with hydraulic fracturing led to 
the development of a technique suitable for stimulating low permeable shales (Binnion 2012). 
These hydraulic fracturing techniques were later combined with horizontal drilling to increase 
the production of unconventional reserves around the county (NETL 2013). 
 
1.2.1 Marcellus Shale 
 The Marcellus is an organic-rich black shale formation found within the Middle 
Devonian Hamilton Group in the central Appalachian Basin (Carter et al. 2011). It is located in 
the northeast United States and is the country’s largest shale play geographically (NETL 2013). 
The Marcellus formed 350-415 million years ago (Schumann and Vossoughi 2012) when the 




Figure 1. Subsurface rock diagram of Pennsylvania (Carter, 2007) 
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The formation covers approximately 246,050 square kilometers (95,000 square miles) 
(Soeder and Kappel 2009), extending from West Virginia and Ohio, through Pennsylvania, and 
into New York. More than one-third of the formation (90,650 km2/35,000mi2) is within 
Pennsylvania (Carter et al. 2011), where it ranges in depth from 600 meters (2,000 feet) in the 
northwest to 2,750 meters (9,000 feet) along the southeastern edge, and its thickness ranges from 
15 meters (50 feet) to over 105 meters (350 feet). The formation contains heavy hydrocarbons 
such as ethane, butane, and propane, along with some oil (wet gas), but matures moving 




Figure 2. Depth to (A) and thickness of (B) the Marcellus Shale formation (MCOR 2010) 
 
In the 1930s, while drilling into the Oriskany Sandstone of the Lower Devonian, drillers 
met pockets of large gas flows in the Marcellus formation. Drilling was stopped to wait out the 
gas flows, which lasted anywhere from a few hours to a few days. Wells drilled into the 
Devonian shales of the Appalachian Basin had a history of longevity but low productivity 
(Arthur et al. 2008). The Marcellus was revisited during the U.S. energy crisis in the 1970s when 
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natural gas reserves began to diminish. The Eastern Gas Shales Project, funded by the U.S. 
Department of Energy, determined that the Devonian shales had the potential to be important 
reservoirs of natural gas. However, advanced production methods would need to be developed in 
order to recover these resources on a marketable scale (Roen 1993). 
 The Marcellus has been estimated to be the largest volume shale play in the country 
(Figure 3), containing anywhere from 50 to 500 trillion cubic feet (TCF) of technically 
recoverable gas (PA DCNR 2016), which can supply the entire country for 20 years at current 
consumption rates (Engelder 2009). Shale gas production has been increasing nationwide, with 
Marcellus currently providing the largest volumes (Figure 4) (EIA 2016). Current Marcellus 
wells are producing a total of more than 15 billion cubic feet per day (Bcf/d), with Pennsylvania 
Marcellus wells contributing most of this volume (Clemente 2015). Due to USGD of the 
Marcellus formation, Pennsylvania has gone from importing natural gas to producing more than 
is needed annually in just a few years (PIOGA 2016).  
 7 
 
Figure 3. Shale formations and plays in the lower 48 states (MCOR 2010) 
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1.2.2 Horizontal Drilling and Hydraulic Fracturing 
 Horizontal drilling and hydraulic fracturing are not new technologies. The first recorded 
horizontal oil well dates back to 1929, completed in Texas (EIA 1993), and hydraulic fracturing 
has been used since the 1940s to enhance the production of vertical oil and gas wells (Davies et 
al. 2012). Further, well stimulation techniques have been around for as long as well drilling; 
wells drilled in the 1880s were stimulated with nitroglycerin torpedoes or black powder (Carter 
et al. 2011).   
 The main objective of drilling horizontally is to access a much larger area of the reservoir 
than a vertical well can access (Barbot et al. 2013; EIA 1993), but horizontal drilling has also 
been used to access reserves of oil and gas located beneath existing infrastructure, 
environmentally sensitive areas, and other areas inaccessible to vertical wells (GWPC and ALL 
2009). Multiple wells can be drilled from one well pad, increasing the area accessed underground 
while decreasing the area disturbed per well on the surface (NETL 2013).  
 During drilling, the well begins vertically, then turns to bore horizontally through the 
target formation, typically extending 900 meters to 3,000 meters (3,000 feet to 10,000 feet) from 
the vertical well (NETL 2013). Multiple steel casings are cemented into place within the 
wellbore to isolate it from aquifers and to prevent groundwater contamination from drilling, 
fracturing, and production fluids, and from potential gas migration (Molofsky et al. 2013). The 
casing along the lateral portion of the well is perforated with explosives to allow the hydraulic 
fracturing fluid to exit the well and gas to enter the casing (Flaherty and Flaherty 2014). 
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Figure 5. Horizontal (L) and vertical (R) cross-section views of casing pipes and cement of a 
drilled well (Flaherty and Flaherty 2014) 
 
 High volume hydraulic fracturing (HVHF) is a process that uses large volumes of water 
mixed with proppant (usually sand) and chemicals injected under high pressure into the well. 
The fluid is forced through the perforations in the lateral wellbore in stages to fracture sections of 
the shale along the lateral, increasing the permeability of the formation (Arthur et al. 2008). 
Fractures can propagate hundreds of meters both above and below the well lateral (Davies et al. 
2012). Once the fracturing is complete, the fluid is allowed to flow back up the well (Barbot et 
al. 2013). The proppant remains in the fractures as the water recedes, keeping the fractures open 
to allow the gas to flow into the well (Arthur et al. 2008). 
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Figure 6. Illustration of a drilled horizontal shale well and the results of the hydraulic fracturing 
process (Image from Lawrence Livermore National Laboratory, rendered by Kwei-Yu Chu, 
https://str.llnl.gov/july-2014/ryerson)  
 
 Both the drilling and hydraulic fracturing processes require large volumes of water mixed 
with chemical additives. Drilling muds are necessary to lubricate and cool the drill bit, draw drill 
cuttings to the surface, and to clear out the wellbore (Clark et al. 2013b). Hydraulic fracturing 
fluids are typically composed of 98-99.5% water and proppant, with the remaining 0.5-2% 
composed of a blend of chemicals that include acids, biocides, friction reducing agents, and 
corrosion inhibitors (Clark et al. 2013a). The composition of the fracturing fluids depends on the 
geological characteristics of the site and the chemical characteristics of the water (Barbot et al. 
2013). Approximately 1,000 different chemicals have been used in fracturing fluids; many are 
known carcinogens (e.g. benzene) (Elliott et al. 2017) or known or suspected endocrine 
disrupting compounds (Kassotis et al. 2016).  
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1.2.3 Natural Resource Requirements 
 Although fewer horizontal wells are needed to access a reservoir than vertical wells 
(GWPC and ALL 2009), the development compared to historical oil and natural gas production 
is significantly different (NETL 2013). Unconventional well pads are larger than conventional, 
typically around two hectares (five acres) compared to 0.6-1.2 hectares (1.5-3 acres), 
respectively, but can vary depending on the depth of the wells and the number of wells to be 
drilled on the pad (Kerr 2010).  
 A well pad is an area of land that has been converted into a heavy industrial zone. The 
land is cleared and leveled for the drilling rig, trucks, retention ponds, and all other necessary 
equipment such as pump trucks; blending systems; storage tanks for water, sand, and chemicals; 
tanks to capture produced liquids; piping systems to connect pieces of the system; and 
specialized monitoring and control systems (Clark et al. 2013a; NETL 2013). Additional space is 
also needed for access roads, impoundments and holding tanks, condensate tanks, pipelines, 
compressor stations, and processing facilities (Drohan et al. 2012). 
 Once the well is drilled, fractured, and put into production, most of the equipment is 
removed from the pad and the land is partially reclaimed; however, almost half of the area is still 
needed during the production phase and for associated infrastructure (Olmstead et al. 2013). 
Production water must be separated from gas, along with any other hydrocarbons (NGLs, oil, 
and/or condensate) from the well. These liquids are collected and stored in tanks onsite before 
they are processed (NETL 2013). Many miles of pipeline and numerous compressor stations are 
needed to move the recovered gas to the processing facilities and sale lines (Moss et al. 2009). 
(Slonecker et al. 2012) found more processing and transportation facilities in Washington 
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County than other Pennsylvania counties due to “wet gas” production, with the average size of 
these facilities to be 18.5 hectares (46 acres). 
 
 
Figure 7. Aerial photograph of a well pad in Washington County during the hydraulic fracturing 
process (Photo courtesy of Robert M. Donnan) 
 
 In addition to land resources, large volumes of water are needed for drilling, cementing, 
and fracturing each well. This water must be available at the well pad and is withdrawn from 
local sources, transported by truck or pipeline (Olmstead et al. 2013), and stored in 
impoundments on or close to the well pad. Centralized impoundments, which can be accessed 
from multiple well pads, typically hold up to 57 million liters of water (10-15 million gallons) 
(Adams 2011a). Most of the water used is for fracturing the shale formation, between 11 million 
and 21 million liters of water (3 to 5.6 million gallons) for each Marcellus well (Kappel et al. 
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2013; Mantell 2011), which is relatively more than the volume needed for fracturing in other 
shale plays (Hansen et al. 2013). In Pennsylvania, the majority of freshwater is withdrawn from 
surface sources, while the remainder is purchased from public water supplies (Jiang et al.  2014).  
 While the amount of water used per well is significant,(Kondash and Vengosh 2015) 
found that unconventional shale gas extraction has used 708 billion liters of water (187 billion 
gallons) nationwide over a ten year period (2005-2014), it is relatively small compared to the 
usage of other industries. The amount used for shale gas development is less than 1% of the total 
used in an entire water basin for everyday necessities such as agriculture, drinking water, and 
electrical power generation (GWPC and ALL 2009). Although the volume per well is 
comparatively small, it is common for one well to be fractured multiple times to enhance gas 
production and increase the longevity of the well (Clark et al. 2013a; Moss et al. 2009). Also, the 
water used becomes highly contaminated and is unavailable for future uses outside of the 
industry. 
 
1.2.4 Waste Production and Disposal 
 Drill cuttings are solid fragments of rock created as the well is being drilled and are 
brought to the surface by drilling fluids. One well can create over 153 cubic meters (200 cubic 
yards) of drill cuttings (Barry and Klima 2013), dependent on the depth and length of the well. 
Drill cuttings may be sent to municipal landfills for disposal, applied to the land, or buried on-
site (25 Pa. Code § 78.61 2016). Some locations permit beneficial reuse of drill cuttings: after 
treatment and stabilization, drill cuttings have been used as fill in abandoned mines and 
remediated steelworks in Pennsylvania (Barry and Klima 2013). Marcellus drill cuttings contain 
low levels of naturally occurring radioactive materials (NORMs) and must meet appropriate 
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radiation emission limits before disposal (NETL 2013). Drill cuttings and other oil and gas 
materials have occasionally triggered radiation monitors at municipal landfills (STRONGER 
2013); those materials exceeding radiation limits must be treated or disposed of in approved 
landfills (Maloney and Yoxtheimer 2012).  
 After a well has been fractured, the pressure is relieved and some of the injected 
fracturing fluid returns to the surface as flowback water (Maloney and Yoxtheimer 2012). 
Flowback is mostly comprised of the initial injection fluid, but it may also contain brine and 
naturally occurring compounds dissolved from the formation (Kondash and Vengosh 2015). The 
duration of the flowback period and/or the volume of flowback fluid varies with each well and 
operator (Lutz et al. 2013). Operators recycle up to 95% of the flowback (Clark et al. 2013a; 
Jiang et al. 2014) in order for it to be used in subsequent fracturing operations. According to 
(Jiang et al. 2014), the flowback that is not recycled is either treated and discharged 
(approximately 5-7%) or disposed of in deep injection wells (up to 3.4%). 
 During production of the well, more of the injected fluid, along with water from the 
formation, will return to the surface with the gas as produced water (Kondash and Vengosh 
2015). Produced water is more characteristic of the formation water due to the extended contact 
with the minerals of the rock reservoir. The chemical composition of formation water varies with 
geology, with total dissolved solids (TDS) values ranging from 5,000 mg/L (brackish) to greater 
than 200,000 mg/L (supersaturated brine) (GWPC and ALL 2009). Produced waters may also 
contain heavy metals and NORM that have been dissolved from the formation (Jackson et al. 
2013a).  
 The volume of wastewater (flowback and produced water) that returns to the surface over 
the lifetime of the well varies from one well to another. Clark et al. (2013a) found that 
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wastewater volumes can be anywhere from 10% to almost 300% of the injected volume. 
However, in Marcellus wells, the amount of injected fluid that returns to the surface has been 
found to range from 6-25% (Hansen et al. 2013; Jiang et al. 2014; NETL 2013), with less than 
200 gallons of formation water surfacing per million cubic feet (MMcf) of gas (Jiang et al. 2014; 
Mantell 2011).  
 The generated wastewaters, which are highly saline and toxic (Kondash and Vengosh 
2015), are typically stored in impoundments or tanks onsite before treatment or disposal (Jackson 
et al. 2013a). Wastewater can be managed in a number of ways: reuse to hydraulically fracture 
other wells, disposal in underground injections wells, or treatment and discharge to surface 
waters (STRONGER 2013). Treatment and reuse of fracturing fluid reduces the need for 
additional freshwater withdrawals and reduces the need for specialized disposal methods. 
 
1.2.5 Production, Employment, and Economics 
 The assumed production period for unconventional gas wells is 20 to 40 years (API 2010; 
Moss et al. 2009; PIOGA 2016). Marcellus wells have an estimated ultimate recovery (EUR) 
around 6 BCF (Addison 2015; Stowers 2014), which is expected to increase as drilling and 
fracturing technologies improve. However, the longevity of shale gas wells is very uncertain due 
to the infancy of the industry (Kerr 2010). In general, production from shale gas wells decline 
faster than production from conventional gas sources (Clark et al. 2013a) and the percentage 
recovery of gas in place of unconventional reservoirs has been found to be much lower than 
conventional reservoirs (20% and 90%, respectively) (NETL 2013). 
 Gas prices play an important role in development: wells will not be drilled if they are not 
expected to meet a minimum rate of return, regardless of the volume of gas that is technically 
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recoverable (NETL 2013). Unconventional shale gas development became an attractive industry 
when the price of natural gas began to increase once conventional development peaked in the 
1970s (Kerr 2010). During the 1980s, gas was valued at less than $2.00 per Mcf, with the 
estimated production cost of $1.00 per Mcf (Soeder and Kappel 2009), developing shale gas 
reserves was still not thought to be profitable. However, gas prices continued to increase as 
conventional supplies ran low, encouraging the exploration of shale gas reservoirs. The boom in 
activity in the Marcellus region began in 2008 when gas prices rose to over $10.00 per Mcf 
(Binnion 2012).  
 An unconventional shale gas well can cost $3-5 million to complete (Kargbo et al. 2010), 
with hydraulic fracturing alone costing as much as 25% of the total (Halliburton 2008). While 
vertical wells are a fraction of the cost of horizontal wells, their production is less economical: 
more vertical wells are required to develop the same area that one horizontal well could (Arthur 
et al. 2008). However, once the “sweet spots” have been developed, production costs will 
increase due to new drilling challenges and the increase of wells that will be needed to maintain 
current production levels (Kerr 2010). Continued growth of the Marcellus industry depends on 
many factors including natural gas prices, infrastructure development, and the overall health of 
the economy (MSETC 2011). 
 Communities located within shale gas plays where natural gas is being developed can see 
immediate economic benefits due to an increase of jobs, income levels, and tax revenues (NETL 
2013). In addition to employment opportunities within the industry, local businesses can benefit 
from the increased wealth and activity in the area. Landowners have leased their land from as 
little as $2.80 per hectare ($7 per acre) to over $2,000 per hectare ($5,000 per acre) and receive 
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royalty payments over the lifetime of the well, a minimum of 12.5% as mandated by 
Pennsylvania law (Kargbo et al. 2010; Lampe and Stolz 2015). 
 While there are economic gains from shale gas extraction, the reduction of existing 
industries such as tourism and agriculture could have far-reaching economic losses (Herzenberg 
2011). A Penn State study found that the number of cows declined by 18.7% in counties were 
more than 150 Marcellus wells were present between 2007 and 2010. After only a few years of 
USGD, many dairy farms had stopped operating in Bradford County, potentially impacting the 
industries that support these farms and the local economy (Perry 2012). It can be argued that the 
royalties received would compensate for the agricultural losses, but drilling companies are 
permitted to deduct production and development costs from those royalties, reducing the amount 
awarded to the landowner (Lampe and Stolz 2015). 
 It is not clear how much USGD brings jobs to local economies and helps to reduce 
unemployment. (Herzenberg 2011) found that the number of “new hires”, those replacing 
workers who have quit, been fired, or retired, was being reported as the number of “jobs created” 
by the industry; inflating the number of jobs USGD actually contributes. Others have found that 
the jobs the industry is creating are going to workers who are not residents of the counties where 
the drilling activities are taking place, many are from other parts of the country (Hardy and 
Kelsey 2014; Kinnaman 2011; Perry 2012). Residents in Bradford County noticed an influx of 
out-of-state license plates from Texas, Louisiana, Oklahoma, Wyoming, and other states that 
have a longer history of unconventional oil and gas extraction (Perry 2012). 
 Hardy and Kelsey (2014) also found that much of the industry spending on shale gas 
development does not occur within the counties where the drilling is occurring. The areas where 
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development is taking place are not only bearing the known costs of this development, but also 
the unknown costs of potential future legacy issues.  
 
1.3 Water Quality Concerns Associated with Unconventional Shale Gas Development 
 There are many environmental concerns associated with horizontal drilling and hydraulic 
fracturing. The potential contamination of shallow groundwater by stray gases, fracturing 
chemicals, flowback, and produced waters is one of the most significant (NETL 2013; US EPA 
2015a). The overall process, from site construction to gas transmission via pipeline, of 
unconventional shale gas development present many opportunities for the contamination of 
ground or surface waters.  
 The Pennsylvania Constitution (Commonwealth of Pennsylvania 1971, sec. 27) states 
that “[t]he people have a right to clean air, pure water, and to the preservation of the natural, 
scenic, historic and esthetic values of the environment. Pennsylvania’s public natural resources 
are the common property of all the people, including generations yet to come. As trustee of these 
resources, the Commonwealth shall conserve and maintain them for the benefit of all the 
people.” Yet, all aspects of unconventional shale gas development, from water extraction and 
pad construction to the disposal of waste and transmission of gas, create a competition for 
resources and impact the overall health of the environment. 
 
1.3.1 Aquifers and Groundwater 
 All water spends time in the three environments of the hydrologic cycle, continuously 
moving through the atmosphere, the Earth’s surface, and its subsurface (Fleeger 1999). Much of 
the precipitation that falls returns to the atmosphere through evaporation and transpiration, what 
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remains on the surface either infiltrates through soil and replenishes groundwater, which 
eventually reaches the surface at a discharge point; or enters surface waterbodies directly or as 
surface runoff. A discharge point is where the water table meets the ground surface; it may be a 
spring or wetland, but streams and lakes are the most likely points (Swistock 2007). On the 
surface, water will evaporate to re-enter the atmosphere and continue the cycle (Winter 1998). 
  Precipitation that infiltrates the soil percolates through the unsaturated zone to the water 
table where it becomes part of the local groundwater system. Groundwater is stored in and flows 
through aquifers – rock units that will yield usable quantities of water to a well or spring (Heath 
1983). Water in aquifers move both vertically and laterally through the groundwater system, 
flowing through interconnected pores and fractures within the rock (Newport 1973). The 
porosity – the ratio of voids to the total volume of soil or rock – is a primary control on how 
much water an aquifer can contain (Heath 1983).  The permeability – the size of the pores and 
fractures and the degree to which they are connected – measures the ease of water movement 
through the aquifer (Fleeger 1999). 
 Aquifers vary in size and composition; they may occur a few feet below the land surface 
or much deeper, and multiple distinct aquifers may exist at different depths within the same area 
(Swistock 2007). The two types of aquifers are unconfined, which are free to rise and fall with 
the water table; and confined, which are between layers of relatively impermeability rock that 
restricts groundwater movement (Swistock 2007). Groundwater will gradually flow through 
confining layers, but at a much slower rate than infiltration of unconfined aquifers (Fleeger 
1999). 
 Groundwater flow depends on many factors: the interconnectedness of the pores, joints, 
and fractures within the aquifer; geologic barriers; and hydraulic gradients (Reese and Lee 
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1998); but generally moves towards lower elevations due to the influence of gravity (Newport 
1973). However, groundwater can flow from a lower elevation to a higher elevation due to the 
pressure caused by the weight of the water above (Fleeger 1999). Groundwater tends to follow 
the contours of the land as the water table is usually a subdued replica of the land surface (Heath 
1983). Flat areas of land tend to have flat water tables with slow moving groundwater, 
potentially providing large volumes of water; whereas areas with local relief have faster moving 
groundwater due to differences in elevation (Piper 1933). 
 While groundwater chemistry is related to geology, it is also related to land use and is 
affected by human activities (Reese and Lee 1998). The chemistry of groundwater varies with 
the rocks and sediments it flows through and the residence time in the groundwater system 
(Fleeger 1999; Lohman 1941); the longer the water is in the ground, the more time it has to 
dissolve minerals. Groundwater generally moves slower at deeper depths (Heath 1983) as 
permeability decreases due to the weight of the overlying rocks (Fleeger 1999). Deeper well 
water is likely to have more dissolved solids than shallow ground and spring water (Reese and 
Lee 1998), yet shallow groundwater is more susceptible to anthropogenic pollution because of its 
proximity to the land surface (Winter 1998). There are many anthropogenic sources of pollution 
that can change the chemistry and alter the quality of groundwater. Water moves freely between 
surface and subsurface, anything that affects the quality of surface water may also affect the 
quality of groundwater (Newport 1973).  
 
1.3.2 Regulations Protecting Ground and Surface Water During USGD 
 The Energy Policy Act of 2005 exempts hydraulic fracturing from regulation under the 
Safe Drinking Water Act by excluding the underground injection of any fluid, other than diesel 
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fuels, from EPA’s regulatory authority (Clark et al. 2013a; Rozell and Reaven 2012). The 
Energy Policy Act of 2005 also generally exempts oil and gas construction sites from the Clean 
Water Act storm water regulations (Olmstead et al. 2013). The regulation of USGD is primarily 
left up to the state where it is occurring (Brantley et al. 2014). 
 PADEP considers a well site to be under construction until post-drilling restoration and 
stabilization occurs. All operators are required to develop, implement, and maintain erosion and 
sedimentation (E&S) control best management practices (BMPs), regardless of the size of the 
site (STRONGER 2013); sites that will disturb over five acres over the life of the project are 
required to obtain an E&S Permit (PA DEP 2015a). Examples of BMPs include the minimization 
of earth disturbances, silt fences, diversion ditches, and sediment traps in order to prevent 
accelerated erosion and protect water resources (PA DEP 2016b). 
 In order to ensure surface water quality standards are maintained and protected, PADEP 
requires water management plans from operators to identify where water will be withdrawn and 
the volumes of withdrawal (STRONGER 2010). A well operator is presumed to be responsible 
for the pollution or diminution of a water supply and must restore or replace the affected water 
supply if it is within 2,500 feet of an unconventional well and pollution occurred within 12 
months of drilling, altering, stimulating, or completing a well (PA DEP 2015a). Because of this 
provision, operators typically conduct water quality surveys prior to drilling to establish baseline 
water quality for the area.  
 The high chloride and total dissolved solids concentrations of USGD wastewater make it 
difficult to treat (Olmstead et al. 2013). Initially, flowback and produced water were sent to both 
municipal and industrial treatment facilities; however, municipal facilities were found to be 
incapable of adequately treating the high TDS levels (35,000 – 400,000 mg/L) (Lutz et al. 2013; 
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Rozell and Reaven 2012). To protect the waters of the commonwealth, PADEP imposed stricter 
limits of TDS in the effluent of these facilities (Lutz et al. 2013) and also requested that 
Marcellus Shale operators cease wastewater disposal at facilities that discharge to surface waters 
(STRONGER 2013). 
 Pits for the temporary storage of wastes must be closed within nine months after 
completing a well. Liquids must be removed and the chemical composition of the residual waste 
to be buried must meet Pennsylvania’s regulatory standards (25 Pa. Code § 78.62, n.d.; 
STRONGER 2010). Once a well is no longer producing, it must be safely plugged to prevent gas 
migration and leakage to the air, and to prevent groundwater contamination. The land must also 
be reclaimed, either to its pre-well state or other conditions agreed upon with the landowner, 
before the site can be abandoned by the well operator (Clark et al. 2013a). 
 
1.3.3 Impacts of Land Alterations 
 Human activities at and below the surface can affect groundwater quality (Reese and Lee 
1998). At the surface, construction of new infrastructure creates impervious surfaces which 
interrupt the movement of water across landscapes (Drohan et al. 2012); these changes may alter 
the drainage patterns of the region, affecting groundwater recharge, and may also contribute to 
groundwater pollution (Battelle 2013; Tredoux et al. 2004).  Below the surface, land excavations 
can change the chemistry of groundwater without introducing a new substance to the system: 
some minerals dissolve when aquifer material is exposed to more oxygen rich groundwater 
(Fleeger 1999).  
 A decrease in lands that absorb and clean storm water (forest, wetlands, farmland, etc.) 
cause significant changes to the quality and quantity of storm water runoff, ultimately affecting 
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stream and watershed systems (Brabec et al. 2002). The reduction of pervious land increases 
storm water runoff and precludes water filtration processes during infiltration through soil 
(Brabec et al. 2002; Herbert et al. 2008).  
 The loss of vegetation and forest fragmentation for well pad, road, and pipeline 
construction increases the potential for erosion and sediment runoff (NETL 2013). Olmstead et 
al. (2013) found that increasing well pad density upstream increased total suspended solids (TSS) 
in surface waters downstream. TSS in surface waters can damage the biological conditions of the 
stream and can clog or scour pipes and machinery for downstream water users. Although 
PADEP requires all well operators to develop, implement, and maintain erosion and sediment 
controls, these best management practices are not always sufficient to stop large sediment 
volumes (Adams et al. 2011b; McBroom et al. 2012). 
 Although the reclamation of an USGD site should return the land to its pre-development 
conditions (Clark et al. 2013a), permanent changes remain. Soil compaction, due to site 
construction and the weight of the equipment on the well pad, results in less infiltration and more 
storm water runoff (Brabec et al. 2002; McBroom et al. 2012); and drill cuttings and other wastes 
buried onsite first must be solidified with cement (Adams et al. 2011b), creating an impermeable 
structure below the surface.  
 While the greatest impacts associated with pipelines typically occur during the 
construction phase (Moss et al. 2009), pipelines may have a greater long term impact than well 
sites (NETL 2013) and have been found to be the major contribution of USGD to forest loss in 
Washington County (Slonecker et al. 2012). PADEP expects Pennsylvania to see substantial 
pipeline infrastructure construction over the next decade to transport gas and related products 
from the thousands of wells throughout the state (PA DEP 2015a). 
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 Stream water quality begins to degrade at very low levels of land development; and while 
impervious surfaces do not directly generate pollution, a clear link has been made between 
impervious surfaces and the hydrologic changes that degrade water quality (Brabec et al. 2002). 
Individual land surface changes have a cumulative effect that alters runoff and flooding regimes 
(Herbert et al. 2008). As impermeable surfaces are known to increase storm water runoff 
(Fleeger 1999), soil compaction, as a result of well pad construction, may have a similar effect. 
 
1.3.4 Surface Contamination and Subsurface Migration 
 The release of a contaminant at the surface can affect surface and ground water through 
runoff and recharge. Water contaminated in one area can travel to other areas through aquifers, 
impacting drinking water wells along the way. Contaminated groundwater can also impact 
surface water when it discharges to a stream, lake, or other waterbody. Conversely, impacted 
surface water can affect groundwater in areas where surface water recharges groundwater 
(Newport 1973). 
 Surface contamination is most likely to occur due to poor onsite management of drilling, 
fracturing, and waste fluids, and/or the intentional dumping of these fluids (Hansen et al. 2013). 
Surface contamination can also occur as the result of tank truck accidents during transportation; 
through faulty equipment; accidental releases; or as the result of operator error (Jackson et al. 
2013a; NETL 2013; Olmstead et al. 2013).  
 The many orphan and abandoned oil and gas wells throughout Pennsylvania could also 
provide a pathway for drilling fluids, fracturing fluids, methane, and brine to contaminate 
drinking water aquifers (Fleeger 1999; Jackson et al. 2013a). It is estimated that over 300,000 oil 
and gas wells have been drilled since the first oil well in 1859 (Dilmore et al. 2015). PADEP has 
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records for only about half of these wells (Carter et al. 2011), with uncertainty about the location, 
condition, and plugging status remaining for the rest. These wells may not have been plugged 
properly, or the casings put in place to protect groundwater may be corroded or may have been 
removed (Newport 1973). 
 Poorly constructed wells also present a potential pathway for contaminants to enter 
groundwater systems (Ingraffea et al. 2014; PA DEP 2015a). The area between the casing string 
and the wellbore, or the annular space, is cemented at shallower depths but not in deeper sections 
(Molofsky et al. 2013), which may allow fluids and gases to migrate from deep to shallow 
formations and into drinking water aquifers. If the annulus is not properly sealed during 
installation, or if there is a defect in the casing, gas can flow from inside the wellbore to the 
aquifer (Clark et al. 2013a). Even in properly constructed wells, casings may corrode and the 
stress of production over time may compromise the integrity of the well (Jackson et al. 2013a). 
There may also be a risk of structural integrity loss as the materials age, increasing the 
probability of future leaks (Ingraffea et al. 2014). 
 A study of the Marcellus industry in Bradford County analyzed the 2010 compliance 
reports from PADEP: of the 532 inspections at Marcellus sites, 25.9% had violations of 
environmental or administrative laws including chemical spills, inadequate casing of wells, 
improper flowback pit construction, and uncontrolled erosion and sedimentation (Perry 2012). 
PADEP found water wells had been contaminated with methane due to the faulty casing of gas 
wells in both Susquehanna and Bradford County (Kargbo et al. 2010). Other studies found that 
water wells close to (<1 km) hydraulic fracturing operations had higher concentrations of 
methane than wells further away and that groundwater quality changes coincided with drilling 
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activities when comparing pre-drill and post-drill data (Alawattegama et al. 2015; Vengosh et al. 
2013). 
 
1.3.4.1 Production Fluids 
 Produced water from Marcellus wells is generally dominated by chloride (Cl), sodium 
(Na), and calcium (Ca), with elevated concentrations of magnesium (Mg), barium (Ba), 
strontium (Sr), and bromide (Br); with time, produced water becomes more concentrated with 
these elements and total dissolved solids (TDS) increase (Barbot et al. 2013; Brantley et al. 2014; 
Hayes 2009; Ziemkiewicz and He 2015). The ratio of sodium to chloride in Marcellus brines are 
similar to other brines from Pennsylvania but have much more strontium (Barbot et al. 2013), the 
presence of barium and bromide is also a distinct characteristic when compared to other brines 
(Brantley et al. 2014; Ziemkiewicz and He 2015).  
 In a controlled study (Adams 2011b), the application of untreated fracturing fluids to land 
was observed to cause both immediate and long term impacts: ground vegetation was damaged 
immediately and died within a few days; trees began showing similar damage after one week, 
and 56% were dead within two years of fluid application. The soil in the receiving area had also 
been significantly altered and contained much higher concentrations of salts. 
 PADEP prevents the direct disposal of production fluids to surface water bodies by 
limiting the TDS levels allowed in discharge water (Clark et al. 2013b); however, a study by 
(Olmstead et al. 2013) found that treated wastewaters could also have a negative impact on the 
environment. Chloride concentrations increased downstream as the density of wastewater 
treatment facilities treating shale gas wastewaters increased upstream. Elevated or fluctuating 
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chloride concentrations can damage aquatic ecosystems and mobilized heavy metals and other 
chemicals in the sediment of streams. 
 
1.3.4.2 Methane 
 Methane in water poses both an explosion and asphyxiation hazard. At sufficient 
concentrations it can volatilize and accumulate in confined spaces (Clark et al. 2013a; Jackson et 
al. 2013a). Due to these safety concerns, action levels have been established by the U.S. 
Department of the Interior Office of Surface Mining Reclamation and Enforcement (DOI) 
(Jackson et al. 2013a). The saturation level of methane in water is 28 mg/L, at this concentration 
and higher immediate remedial action is recommended. Concentrations between 10 mg/L and 28 
mg/L should be monitored regularly, and levels below 10 mg/L are generally considered safe for 
use (Swistock and Rizzo 2016). The action level set by PADEP is 7 mg/L (Molofsky et al. 2013). 
 Methane can be introduced to groundwater in various ways. Biogenic methane may be 
generated in shallow groundwater or thermogenic and mixed methane may migrate upwards 
from deeper formations along natural faults and fractures (Jackson et al. 2013a). The presence of 
methane does not necessarily indicated contamination from USGD, but methane does have a 
lower molecular weight and viscosity than other hydraulic fracturing components and is expected 
to leak at a higher rate and to travel faster and farther (Rozell and Reaven 2012), entering the 
groundwater system before other components. 
 
1.3.5 Consumptive Water Usage 
 In addition to water quality, the quantity of water the industry requires is also an 
environmental concern. Water is usually withdrawn from sites closest to the well pad, and while 
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the volume needed is a small percentage of all usages within a watershed, it is withdrawn in a 
short amount of time. This quick withdrawal of large volumes of water can reduce stream flow 
and groundwater levels depending on seasonal water availability and competing demands, such 
as recreational activities, municipal water supplies, agriculture, and other industries (Clark et al. 
2013b; Moss et al. 2009; STRONGER 2010). 
 Diminished surface water supplies can induce groundwater flow to a stream, depleting 
local aquifers and lowering the water table. This may cause groundwater intrusion from other 
flow zones with different chemical compositions or pollutants into the aquifer (Reese and Lee 
1998; Tredoux et al. 2004). While most water for USGD is taken from surface sources in 
Pennsylvania, some is taken from groundwater sources. Over development of either ground or 
surface water can eventually affect the other, changing the quantity and direction of flow 
between the two and ultimately affecting the transport of contaminants (Winter 1998). 
 Millions of gallons of water are used to hydraulically fracture a well and only a small 
percentage returns to the surface. The water lost underground during fracturing, as well as deep 
well injection of wastewater, permanently removes millions of gallons of water from the 
hydrologic cycle and future uses and is considered to be a consumptive loss. Consumptive water 
uses result in a net loss of water in the watershed where it originated; non-consumptive uses 
return water to the original watershed but the quality of the water may have been degraded after 
use (Jiang et al. 2014).  
Marcellus wells have been found to consume water. The Marcellus is a dry formation, 
producing relatively low volumes of water during gas production (Jiang et al. 2014). The volume 
of produced water over the lifetime of the well is typically less than the total injected volume 
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(Kondash and Vengosh 2015) because the characteristics of the formation trap fluids and keep 
them permanently sequestered (Engelder 2012; Mantell 2011).  
 
1.4 Washington County 
 Washington County is located in southwestern Pennsylvania, just southwest of 
Pittsburgh. According to the 2000 U.S. Census (Washington County 2005), 37% of the 
population was classified as “rural” with the most current census data estimating the population 
to be just over 208,000 (U.S. Census Bureau 2015). The population has changed very little over 
the past century, increasing by only ten percent since 1920 (Newport 1973). 
 Washington County is located in the Allegheny Plateau physiographic province (Piper 
1933), with rolling hills in the north of the county and steeper slopes in the south (Washington 
County 2005). The rugged terrain was formed through stream erosion, creating as much as 750 
feet of relief between hilltops and valley bottoms, limiting land usage (Newport 1973). The 
landscape of the county is diverse, with both natural and built settings, but is still mostly 
undeveloped due to the steepness of the terrain (Herbert et al. 2008; Williams et al. 1993).  
 The county is approximately 2220 square kilometers, or 222,000 hectares (857 square 
miles, or 548,480 acres) and the land usage ranges from high-density residential, commercial and 
industrial, to farmland and forest (Washington County 2005). The majority of land in 
Washington County is dedicated to either forest or agricultural; which, as of 2010, cover 41% 
and 29% of the county, respectively (Southwestern Pennsylvania Commission 2015).  
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1.4.1 Oil and Gas Development 
 Pennsylvania has had a long history of oil and gas development. The first oil well to be 
drilled successfully was in 1859 in Titusville (approximately 100 miles north of Washington 
County), causing a brief oil boom throughout western Pennsylvania in the early part of the 20th 
century (Carter et al. 2011; US EPA 2015a). Since then, approximately 330,000 (Dilmore et al. 
2015) oil and gas wells have been drilled throughout the commonwealth, with over 11,600 in 
Washington County (Battelle 2013). The first oil and gas wells in the county were drilled in the 
early 1880s (Carter 2003). Early gas wells were shallow, usually less than 1,500 feet deep, and 
while the production was low (less than 50,000 cubic feet per day) the wells could produce for 
roughly 50 years with proper maintenance (de Witt et al. 1993).  
 
Figure 8. Drilled wells associated oil and gas activity on record in Pennsylvania (Data from 
PASDA, see Appendix A) 
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 Advances in drilling technologies have allowed deeper resources to be reached, but 
techniques were also needed to enhance the flow of petroleum from the source rock. 
Pennsylvania’s first horizontal oil well was drilled in Venango County in 1944 (EIA 1993) and 
hydraulic fracturing was first used in Pennsylvania in 1953 to stimulate deep gas wells; as soon 
as ten years later, more than 70% of wells were being stimulated by this technique to increase 
production (Carter et al. 2011).   
 While most recent wells have been stimulated in some way, the process of hydraulic 
fracturing does not make a well unconventional. Conventional and unconventional can refer to 
either the target formation or the type of well that is drilled. A conventional well is drilled into a 
permeable (conventional) formation where hydraulic fracturing may or may not be used; whereas 
an unconventional well is drilled into an impermeable (unconventional) formation where 
horizontal drilling and hydraulic fracturing are required to produce gas (PA DEP 2015a). 
 Even though it was known since the 1930s that the Marcellus held significant quantities 
of gas, the technology to produce it developed only recently. The modern Marcellus shale play 
was “re-discovered” when the Renz #1 well was drilled in Washington County in 2003. This 
vertical well was drilled into the Lower Silurian Rochester Shale formation below the Marcellus. 
During drilling, a large volume of gas was encountered in the Marcellus, which was then 
revisited and fractured the following year. The well began producing in 2005 at an initial average 
rate of 300 Mcf/d (Carter et al. 2011). After the success of the Renz well, hydraulic fracturing 
and horizontal drilling increased throughout Pennsylvania to develop the Marcellus. By 2009, the 
number of unconventional wells outnumbered conventional; and by the end of 2015, Washington 
County had the most unconventional wells throughout all of Pennsylvania (PA DEP 2015b). 
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Washington County is located in an “exceptionally productive” region of the Marcellus 
Shale (Slonecker et al., 2012), producing not only methane, but other natural gas liquids as well. 
Low natural gas prices, caused by the current surplus of natural gas supplies, have pushed 
producers to move to the western Marcellus where NGLs and oil can be produced more 




Figure 9. (A) Location of Washington County within the Marcellus Shale formation and play 
(ESRI basemap; data from PASDA and EIA, see Appendix A) and (B) wet/dry gas boundary 
(MCOR 2010) 
 
1.4.2 Historical Land Uses and Water Quality Impacts  
1.4.2.1 Agriculture 
 Agriculture is an important economic sector for Washington County, ranking third in the 
total number of farms per Pennsylvania county. Agriculture and its related industries provides 
one out of every five jobs in Pennsylvania, with about two million people across the state who 
are employed directly in farming (Washington County 2005). The agricultural industry in 
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Washington County is mostly grazing based, relying on large areas of pasture and hay 
production (WCCD 2015). 
 Agriculture can significantly change landscapes, which changes infiltration and runoff 
patterns, ultimately affecting both surface and ground water. Changes to the movement of water 
through fields and artificial recharge from irrigation can result in ground and surface water 
degradation (Winter 1998). Agricultural lands are a source of pesticides, fertilizer, nitrates, 
bacteria, and viruses that can pollute local water sources (Fleeger 1999).  
 
1.4.2.2 Coal Mining 
 Pennsylvania, including Washington County, has a long history of extractive industries 
(Lohman 1941). The major industries of Washington County in the early 19th and 20th centuries 
were coal mining and industries that relied on coal (US EPA 2015a). The county saw its first 
commercial coal mine in the early 1800s; the rocks of the Pennsylvanian age were mined 
extensively for bituminous coal (Lohman 1941) and Washington County ranked 5th in 
Pennsylvania for bituminous coal production in the early 1900s (Washington County, 2005). At 
least 10% of the land area has been strip mined (Newport 1973) and approximately 53% of the 
county has been mined using underground mining methods (Battelle, 2013). 
 Coal mining operations have been a main source of water issues for the county (Newport 
1973), affecting both the quality and the quantity. Water sources near mines can become polluted 
with drainage from these mines, which has low pH and elevated levels of sulfate, iron, 
manganese, and dissolved solids (Williams et al. 1993). Unsupported roof material in mines may 
collapse and cause overlying aquifers to fracture and dewater (Newport, 1973). Subsidence of 
land can cause changes in water tables and drainage patterns, altering both the quality and 
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quantity of local water supplies (Battelle 2013). Rural springs and small streams have been lost 
because of subsidence damage due to longwall mining (Washington County, 2005). 
 
1.4.2.3 Other Sources of Anthropogenic Water Pollution 
 In addition to agriculture and fossil fuel extraction, steel production and manufacturing 
have been important industries in Washington County’s history; due to these industrial and 
manufacturing activities, there are over 1,900 facilities or locations with recognized 
environmental impacts, including above and below ground storage tank incidents, land recycling 
cleanup locations, and brownfield sites (Battelle, 2013). 
 Urban and industrial development create both point  and non-point sources of pollution 
(Winter 1998). Pollution from a point source can be identified and traced back to the original 
source (e.g. wastewater treatment facilities and industrial discharges). Point source discharges 
are regulated through the Clean Water Act and require a National Pollutant Discharge 
Elimination System (NPDES) permit. Washington County has over 200 facilities with NPDES 
permits. Non-point sources of pollution, such as urban runoff and construction activities, are 
more difficult to identify and control and can be a source of chloride, sodium and other ions; 
heavy metals; and volatile organic compounds (Battelle 2013; Reese and Lee 1998).  
 Residences and facilities in urban areas of the county are connected to public or private 
wastewater treatment plants. Some of these sewer systems are combined with storm water 
systems, however, allowing untreated wastewater to be discharged to surface waterbodies during 
storm events (Battelle 2013). Sewage treatment and disposal systems in rural areas are located 
on-site and include septic systems and cesspools, which have the potential to malfunction and 
become pollutional sources of nitrates, bacteria, and household chemicals and detergents 
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(Fleeger 1999). “Wildcat” sewers, pipes that discharge directly to surface water or groundwater, 
are a known problem in Washington County (Battelle, 2013). 
 





Figure 10. Potential sources of water pollution due to historical land uses in Washington 
County: (A) land uses as of 2010, including agriculture and urban areas (B) locations with 
recognized environmental impacts (C) areas undermined for coal (D) known oil and gas related 
wells (Data from PASDA, EPA – see Appendix A) 
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1.4.3 Water Resources and Uses 
 Washington County is part of the Ohio River basin. In the north, streams drain directly to 
the Ohio River; in the south, streams drain into the Monongahela River, which is a tributary of 
the Ohio River (Herbert et al. 2008). Washington County receives an average of 38 inches of 
precipitation annually that is evenly distributed throughout the year (Washington County 2005). 
The majority of precipitation returns to the atmosphere through evapotranspiration and the rest 
recharges groundwater resources or enters surface waterbodies directly or as runoff (Newport 
1973).  
 The major sedimentary rock units in the county were deposited in the Pennsylvanian and 
Permian eras (Figure 1). The Pennsylvanian rocks are divided into the Conemaugh and 
Monongahela Group formations, consisting mainly of limestone, sandstone, shale, mudstone, 
and coal. The Permian rocks are in the Dunkard Group formations, including both the 
Washington and Greene formations, which consist of sandstone, siltstone, mudstone, and 
claystone with thin coal beds (US EPA 2015a). Both the Pennsylvanian and Permian strata 
generally produce good quality water, but is often hard (high calcium and/or magnesium) with 
noticeable iron (>0.1 ppm) (Lohman 1941).  
 Washington County water is extremely variable in water chemistry due to both 
anthropogenic and natural causes (Newport 1973). Natural variability depends on factors such as 
formation lithology, residence time, and the vertical movement and mixing of groundwater 
passing through fractures of different rock types (US EPA 2015a; Williams et al. 1993). Human-
made causes of water quality impairment are related to land use, with abandoned mine drainage, 
agriculture, and urban runoff being the major pollution contributors in the county (Battelle 2013; 
US EPA 2015a).               
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 Pennsylvanians have been using private water wells and springs for centuries, with more 
than three million rural and suburban residents (Swistock et al. 2009), and 10-30% of 
Washington County residents (Carter et al. 2011), relying on groundwater as a drinking water 
source. In addition, some municipalities have groundwater wells to source municipal water 
treatment plants.  
 Publicly supplied water must meet the drinking water standards set by the Environmental 
Protection Agency (EPA), based on the Safe Drinking Water Act (SDWA) (US EPA 2015b). 
Primary maximum contaminant levels (MCL) are standards set for contaminants that can 
adversely affect public health and are legally-enforceable for public water systems. Secondary 
standards [(S)MCL] are non-enforceable guidelines for contaminants that may have cosmetic 
(e.g. skin or tooth discoloration) or aesthetic (e.g. taste, odor, or color) effects. However, those 
who rely on private wells are responsible for the quality of their own drinking water; 
Pennsylvania does not have regulations for the construction, location, quantity, or quality of a 
private water well (Boyer et al. 2012; Swistock et al. 2009). 
 The aquifers of Washington County that serve as drinking water sources are shallow, 
generally only 15-45 meters (50-150 feet) (Carter et al. 2011). Concentrations of iron and 
manganese above secondary limits are common in Washington County (Williams et al. 1993), 
and many water wells throughout the state fail at least one (S)MCL (Boyer et al. 2012). Higher 
levels of sulfate, iron, manganese, and TDS were found in groundwater from mined areas of 
Appalachia than in areas were no coal mining had taken place (Anderson et al. 2000). 
 Groundwater is not only important as a drinking water source, it is also important for 
agriculture, industry, and energy generation for the county (Reese and Lee 1998). Groundwater 
also provides two thirds of the water to Pennsylvania streams (Fleeger 1999); this interaction 
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between surface water and groundwater creates a pathway for contaminants between the surface 
and sub-surface (Winter 1998). The quality of groundwater affects the quality of surface water, 
and vice-versa. Surface water tends to have less dissolved constituents than groundwater since 
the runoff replenishing it moves quickly and has less contact with rock; on the other hand, runoff 
carries ground surface contamination to surface waterbodies.  
 Historically, the waterways of Washington County had been degraded by many different 
sources of pollution, including abandoned mines, raw sewage, and oil and gas waste. Quality has 
improved over recent years due to environmental regulations (Washington County 2005), but 
there are still many miles of streams that are impaired where historic surface and subsurface 
mining has occurred (Battelle 2013). However, Washington County also has many bodies of 
good quality water, including numerous warm water fisheries, cold water fisheries, and trout 





Figure 11. (A) Bedrock aquifers as drinking water sources in Washington County; (B) impaired 
and non-impaired streams in their respective drainage basins within Washington County  
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CHAPTER 2: SPECIFIC AIMS AND HYPOTHESES 
2.1 Specific Aims 
 Washington County, Pennsylvania is one of the most productive shale gas counties in the 
commonwealth. The purpose of this study was to generate an overview of unconventional shale 
gas development in the county over the past decade and to examine how this activity may impact 
the environment. In particular, these specific aims guide this study:  
1) Analyze industry reports obtained from PADEP and generate an overview of the industry 
in Washington County, including well productivity (both natural gas and waste 
materials), well longevity, and violations associated with USGD in the county. 
2) Estimate the amount of natural resources (land and water) used by USGD and identify the 
environmental impacts associated with these uses. 
3) Obtain water quality data, both qualitative and quantitative, from pre-drill and post-drill 
sources throughout the county to evaluate relationships between USGD activities and 
changes in water quality and quantity. 
 
2.2 Hypotheses 
1) The amount of natural resources (land and water) used for USGD may be underestimated, 
while unconventional gas production and well longevity may be overestimated.  
2) Comparing water quality data to EPA’s Drinking Water Standards, comparing pre-drill 
and post-drill water quality test results, and comparing concentration ratios of fresh water 
to oil and gas wastewater can be used to determine the impacts, if any, USGD is having 
on local groundwater.  
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CHAPTER 3: MATERIALS AND METHODS 
3.1 Pennsylvania Department of Environmental Protection Oil and Gas Reports 
 Oil and gas reports were accessed from the PADEP Oil and Gas Reports website (PA 
DEP 2015b) including Permits, Compliance, SPUD, Gas Production, and Waste Production. A 
file review of PADEP records for specific unconventional shale gas wells in Washington County 
was requested through Pennsylvania Department of Conservation and Natural Resources 
(DCNR). The requested information was for unconventional gas wells in Mt. Pleasant and West 
Bethlehem townships, where most of the study samples were located, that were drilled between 
2005 and 2014. The file review included plat maps and completion reports for the selected wells. 
 Unconventional well production reporting began in 2004. From 2004 through 2009 both 
conventional and unconventional production were reported annually and are found on the same 
report. In 2010, unconventional production began to be reported semi-annually and was 
separated from conventional reports, which continues to be reported annually. Beginning in 
2015, unconventional production is reported monthly and still found separate from conventional 
data. For this analysis, gas wells for home use were excluded to capture only industry related 
production.  
 Production data is reported by the operator and is posted by PADEP as it is received 
without any verification (Appendix B). Because of this, discrepancies were found on some of the 
available production reports. County information, SPUD dates (when drilling of the well began), 
and GPS coordinates of wells were missing from some reports. Due to the changes in well 
reporting and reporting periods, some overlap, repetition, and omission of production volumes 
was found. Data from the last six months of 2009 were included in the 2009 annual report and 
also the first semi-annual report of 2010; to compensate for this, the production data for 2009 
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was divided in half to obtain the average six-month production and subtracted from the 2010 
data to avoid reporting inflated production volumes.   
 
3.2 Resident Survey and Consent Form 
 Participation in this study was not solicited. Residents learned of this ongoing water 
quality study through other means: neighbors who had already participated, community out-
reach groups, local environmental groups, or news media outlets. Willing participants contacted 
the project organizers directly to request inclusion in the study.  
 A consent form was provided to the homeowner and signed by both homeowner and 
researcher (Appendix C), per the Institutional Review Board (IRB) protocol. The form provided 
information on the scope of the project, the funding of the project, and the confidentiality of all 
information provided by the homeowner and the sample results. 
 A survey (Appendix D) was given to all willing participants to collect background 
information on the well or spring that was sampled. The purpose of the survey was to learn about 
the water supply – if there were any pre-existing water quality issues or if any noticeable changes 
to the water had recently occurred. The survey contained six questions and had been reviewed 
and approved by the IRB: 
1. Do you have well water and where is your well located? 
2. What type of well is it (e.g. artesian, rotary, cable tool)? 
3. Do you know how deep the well is and have you noticed a change in the well depth? 
4. Have you noticed any change in water quality (taste, smell, color)? If so, when? 
5. Have you noticed any change in water flow or quantity? If so, when? 




3.3 Water Sample Acquisition  
 Water samples were collected prior to any filtration, purification, or softening. Where 
possible, samples were collected at the source (e.g. from the wellhead or spring) if this was not 
possible, the sample was collected from the tap closest to the source after the internal plumbing 
was purged. The plumbing was purged by running the water for 10-15 minutes, unless quantity 
issues were noted. Water was collected in three different containers: one sterilized 1-liter French 
square glass bottle; one 50-milliliter glass bottle containing 8 drops of 10M nitric acid for metal 
preservation; and two 40-milliliter EPA VOA butyl septa vials for light hydrocarbon (VOC) 
analysis. VOC samples were collected without head space to prevent gas loss. All samples were 
stored in a cooler on ice in the field and then at 4°C in the laboratory. While at the sample 
location, GPS coordinates were recorded using a hand-held GPS unit that was accurate to 10 
meters (Earthmate PN-20 by DeLorme or GPSmap 62s by GARMIN).  
 
Figure 12. Field and sample collection equipment 
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3.4 Chemical Analysis of Water Samples 
 Water samples were analyzed for a number of chemical parameters using both field and 
laboratory instruments: 
 
Table 1. Chemical parameters analyzed in water samples 
Instrument Analysis Location Analytes 
YSI Multi-Meter 
(Field Analysis) 
At sample site 
temperature, dissolved oxygen, pH, pressure, 

















University of Pittsburgh 
lithium, boron, sodium, magnesium, 
aluminum, silicon, phosphorus, potassium, 
calcium, titanium, vanadium, chromium, 
manganese, iron, cobalt, nickel, copper, zinc, 
arsenic, selenium, rubidium, strontium, 
molybdenum, silver, cadmium, tin, antimony, 
barium, tungsten, lead, uranium 
 
 
3.4.1 Field Analysis via YSI 
 Preliminary data were collected on-site using the YSI Pro-Plus Multimeter (YSI 
Incorporated, Yellow Springs, OH). The YSI was calibrated, following the instructions in the 
user’s manual, every two weeks or after every ten samples, to ensure the accuracy of field 
measurements. Temperature and pressure sensors were factory calibrated. Dissolved oxygen was 
calibrated using deionized water, specific conductivity was calibrated using 1,000 µS/cm3 
standard solution manufactured by YSI Incorporated, and pH was calibrated using 4.0, 7.0, and 
10.0 standard buffer solutions (Fisher Chemicals, Fair Lawn, NJ).  
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 At the sample collection site, the probes of the meter were submerged in groundwater for 
two to five minutes, or until the meter stabilized, before the reading was recorded. For water 
samples that were not collected directly from the source, two measurements were taken: the first 
after at least five minutes of purging and the second after at least ten minutes to ensure a sample 
representative of the groundwater. The measurements for temperature (°C), dissolved oxygen 
(mg/L and %), pH, pressure (mmHg), conductivity (µS/cm3) and specific conductivity (µS/cm3) 
were recorded on a tablet in an Excel template designed for this study (Appendix D).  
 
3.4.2 Anion Analysis via Ion Chromatography (IC) 
 Anion analysis was completed at Duquesne University in the laboratory of Dr. John 
Stolz. Samples were prepared by being filtered through a 0.45 μm polyethersulfone (PES) 
membrane filter (VWR International, Bridgeport, NJ) and a Dionex OnGuard IIM filter (Dionex, 
Sunyvale, CA) to remove suspended solids and transition metals. Dionex polyvials (Dionex, 
Sunyvale, CA) were filled with approximately 3 mL of the filtered sample. Samples were diluted 
only if the specific conductance was higher than the range of the IC (>1500 μS/cm).  
 Using EPA Method 300.0, a Thermo Scientific Dionex AS-DV auto-sampler was used to 
deliver the sample to a Dionex ICS-1100 Ion Chromatography System equipped with a 
conductivity cell and UV/VIS detector. An IonPac AS22A Carbonate Eluent Anion-Exchange 
Column (2 x 250, 6.5 μm particle diameter) with an IonPac AG22 Guard Column (2 x 50mm) 
were used with a Dionex ASRS-300 anion self-regenerating suppressor to separate the anions. 
Thermo Scientfic Dionex Chromeleon 7 Chromatography Data System was used for instrument 
control and data collection and processing. 
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Table 2.  Minimum detection limits (MDLs) for target anions analyzed with IC 
Anion Minimum Detection Limit (mg/L) 
Fluoride (F) 0.035 
Chloride (Cl) 0.01 
Nitrite (NO2) 0.02 
Bromide (Br) 0.05 
Nitrate (NO3) 0.045 
Phosphate (PO4) 0.05 
Sulfate (SO4) 0.05 
 
 
3.4.3 Cation Analysis via ICP-MS 
 Using EPA Method 200.8, cation analysis of the samples was completed using 
inductively coupled mass spectrometry (ICP-MS). Specifically, a Perkin-Elmer NexION 300x 
(Walthan, MA) ICP-MS system with a Perkin Elmer auto-sampler equipped with NexION 300x 
ICP-MS software at the University of Pittsburgh.   
 Samples were filtered with a 0.45 μm PES filter (VWR, Bridgeport, NJ) then diluted with 
sub-boil distilled 2% nitric acid. Beryllium, germanium, and thallium internal standards were 
added to the samples to ensure consistency in measurement. Five-point calibration standards and 
blanks containing internal standards were run prior to the samples and again after the samples, 




Table 3. Minimum detection limits (MDLs) for target anions analyzed with ICP-MS 
Cation Minimum Detection Limit (µg/L) 
Lithium (Li) 0.088 
Boron (B) 2.533 
Sodium (Na) 0.527 
Magnesium (Mg) 3.504 
Aluminum (Al) 2.571 
Silicon (Si) 29.5 
Phosphorus (P) 2.098 
Potassium (K) 2.051 
Calcium (Ca) 2.464 
Titanium (Ti) 0.171 
Vanadium (V) 2.182 
Chromium (Cr) 0.097 
Manganese (Mn) 0.897 
Iron (Fe) 1.509 
Cobalt (Co) 0.133 
Nickel (Ni) 0.140 
Copper (Cu) 2.272 
Zinc (Zn) 1.202 
Arsenic (As) 0.239 
Selenium (Se) 0.566 
Rubidium (Rb) 0.002 
Strontium (Sr) 0.100 
Molybdenum (Mo) 0.096 
Silver (Ag) 7.996 
Cadmium (Cd) 0.021 
Tin (Sn) 0.243 
Antimony (Sb) 0.024 
Barium (Ba) 0.521 
Tungsten (W) 0.004 




3.4.4 Light Hydrocarbon Analysis via Gas Chromatography 
 Light hydrocarbon analysis was completed by an independent laboratory, VaporTech 
Services of Valencia, Pennsylvania. VaporTech uses Analytical Method WA1 and RSKSOP-175 
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using gas chromatography equipped with a flame ionization detector (FID) and thermal 
conductivity detector (TCD) to analyze dissolved light hydrocarbons in water. All samples were 
labeled and stored at 4°C until they were delivered to VaporTech (within seven days of 
collection), where a chain of custody form was completed to document quality assurance and 
quality control. 
 
Table 4. Practical quantitation limits (PQLs) for light hydrocarbons analyzed 









3.5 Data Analysis 
 In order to preserve the anonymity of the participants, each sample and each location was 
given a unique identifier. Water samples were identified as either CC# or MS# and locations 
were identified as L#; one location could have multiple water samples.  
 
3.5.1 Drinking Water Standards 
 Water chemistry data were compared to the Drinking Water Standards (US EPA 2015b) 
set by the EPA and the action levels for methane established by DOI and PADEP. Table 5 lists 
the maximum contaminant levels of those parameters analyzed in this study. The sample data 
were compared to the (S)MCLs to determine which samples exceeded any of the standards and 
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also to determine which samples had elevated concentrations (defined here as greater than half of 
the (S)MCL (e.g. the elevated concentration for iron was 0.015-0.3 mg/L)).  
 
Table 5. (S)MCLs and levels of concern (methane) of parameters included in analyses 
YSI Field Analysis ICP-MS Analysis (mg/L) 
pH* 6.5-8.5 Aluminum* 0.2 
Total Dissolved Solids* 500 mg/L Chromium 0.1  
IC Analysis (mg/L) Manganese* 0.05 
Fluoride* 2.0 Iron* 0.3 
Chloride* 250 Copper 1.3 
Nitrite 
3.3  

















* Secondary Standard 
 
 
3.5.2 Concentration Ratios 
Concentration ratios can be used to characterize sources to waters since ratios for a 
source material are constant regardless of dilution (Brantley et al. 2014). The major ions found in 
production waters (Cl, Na, Ca, Mg, Sr, Ba, Br) were used to compare survey samples, 
homeowner provided data, oil brine samples, flowback, and produced fluids to determine if 
water sample chemistry was influenced by drilling wastewaters. The oil brine, impoundment, 
flowback, and produced water samples were provided to this study and were acquired from oil 
and gas activity in western Pennsylvania. 
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Typical production waters from the Marcellus are chemically distinct from 
uncontaminated surface and groundwater, but contain many constituents that would be found in 
other pollution sources, such as abandoned mine drainage, industrial and wastewater discharges, 
and conventional oil and gas drilling (Chapman et al. 2012). Sodium and chloride are high in 
production fluids, and would most likely be the first detected in contaminated water, but they are 
also commonly found in natural waters and other pollution sources and would therefore not be an 
effective indicator of USGD if used as a single criteria (Brantley et al. 2014; Ziemkiewicz and 
He 2015). However, Marcellus fluids contain elevated strontium, barium, and bromide, giving 
flowback and produced fluids a relatively unique signature. Therefore, the ratios of these ions 
(Cl, Na, Ca, Mg, Sr, Ba, Br) are often analyzed to identify production fluids (Barbot et al. 2013; 
Brantley et al. 2014; Ziemkiewicz and He 2015). 
Chloride and bromide are conservative ions and are often used to identify produced water 
impacts (Hayes 2009), however, few samples in this study had detectable levels of bromide so 
barium to chloride (Ba/Cl) and strontium to chloride (Sr/Cl) ratios were used to differentiate 
between produced waters and freshwaters (Ziemkiewicz and He 2015). Sulfate to chloride 
(SO4/Cl) was used to determine influences of either brine from USGD or abandoned mine 
drainage (AMD): AMD has a higher SO4 to Cl ratio while brines have higher concentrations of 
chloride compared to sulfate (Ziemkiewicz and He 2015). Calcium and strontium are common in 
Marcellus water (Chapman et al. 2012), thus the ratio of Ca/Sr to Ca/Mg was used to assess 
potential influence.  
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3.6 Geospatial Analysis 
 Coordinates of sample sites and unconventional well locations were plotted in ArcMap 
10.3 (ESRI ArcMap, Redlands, CA, USA), a geographical information system (GIS) software, 
with other publically available data to map the study area for analysis. Using tools in GIS, the 
distance from a sampled water source to the nearest gas well was measured. Data collected in the 
field and the chemical analyses of the sampled water, along with information obtained from oil 
and gas reports were included in ArcMap. Spatial maps were created using this collected data 
and publically available GIS data (Appendix A) to analyze relationships between water sources 
with elevated levels of contaminants and USGD sites.  
 Historical and current aerial images from Google Earth were used to locate 
impoundments, estimate the area of land used for well pads and impoundments, and measure the 
distances between sample sources and USGD sites. The area of USGD sites of interest was 
calculated by first drawing a polygon around the site in Google Earth, then using Earth Point 
(Earth Point 2016), an online tool for Google Earth, to calculate the area of the polygon.  
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CHAPTER 4: RESULTS 
4.1 USGD in Washington County 
4.1.1 Permitting and Drilling 
 By the end of 2015, Washington County had the most unconventional wells of all 
Pennsylvania counties – 1,362 out of 9,603 (14%), Unconventional drilling surpassed 
conventional drilling in 2009 in Washington County (Figure 13). Since 2003, PADEP permitted 
2,399 unconventional wells (122 vertical and 2,277 horizontal), with 78 vertical, 1 deviated, and 
1,283 horizontal wells eventually being drilled. While the majority of early unconventional wells 
were vertical, horizontal drilling took over USGD in 2008 (Figure 14). The number of new 
unconventional wells had been increasing each year since 2005; 2015 showed the first significant 
decline of new wells, dropping to 160 from a height of 229 the previous year (Figure 15). 
 
 
Figure 13. Shift in drilling industry from conventional wells to unconventional wells, from 




























Figure 14. Number of new vertical unconventional wells and horizontal unconventional wells 




Figure 15. Contribution of new unconventional wells drilled per year to total number of 






















































4.1.2 Gas and Well Production 
 Well status and production data must be reported to DEP by well operators. The data 
show that the number of wells drilled and the amount of gas produced each year has been 
increasing. Figure 16 shows the total number of wells in production and the total amount of gas 
produced for each year. Washington County has produced approximately 1.77 trillion cubic feet 
(TCF) of natural gas from a total of 1,148 unconventional wells since 2005 (Table 6).  
 
 
Figure 16. The red bars and right axis show the number of unconventional wells producing gas 
per year and the blue line and left axis show the volume of gas produced per year since 2005, 





































































Unconventional Wells Reported Gas Quantity Reported
 54 






Gas (Bcf) 1,766 1,148 1.5 
Condensate (Mbbl) 13,993 773 18 
Oil (Mbbl) 1,981 292 6.7 
  
Production data also show that early unconventional wells produced around 100 Mcf/d. 
While these wells were vertical, they were still hydraulically fractured to stimulate the 
unconventional shale source. After the increase in horizontal drilling between 2008 and 2010, 
well production has increased to approximately 1 MMcf/d (Figure 17).  
 
 
Figure 17. Box plots of daily gas production per unconventional well since 2005. Solid line in 
box is median, each division is 25%, shown on a logarithmic scale for clarity. Data from 
PADEP. 
 
PADEP reports indicate if a well was producing or not during the reporting period. A 
“Production Indicator” of YES indicates that the well was reported to produce at least one value 
































must also give a reason as to why the well is not producing (Figure 19). Since 2003, 1,362 
unconventional wells have been SPUD (drilling has begun) in Washington County; 1,148 (84%) 
of these wells have ever reported a production value and 1,049 (77%) were producing at the end 






Figure 18. Proportion of total active unconventional wells drilled that were producing or non-producing per reporting period in 
Washington County. Production was initially reported annually (2005-2009), then semi-annually (2010-2014), and currently monthly 











































Figure 19. Operators must provide a reason for why active wells are non-producing. These are the reasons given for Washington 
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 The data reported to PADEP show that unconventional wells produce large volumes of 
gas initially, but decline rapidly after the first three years of production. Figure 20 shows the 
production of wells that were SPUD in the same year over time (a production year of zero is the 
year the well was SPUD). The quantity of shale gas captured each year has greatly increased due 
to the addition of new wells each year and increases in lateral wellbore lengths; however, the 
graph also shows that regardless of the amount of gas produced initially, horizontal wells (2008 
and later) begin to decline within the third year of becoming active. All of the earliest wells, 
drilled in 2005 and 2006, are no longer producing (Figure 21 A & B). 
  
 
Figure 20. Total production of unconventional wells SPUD in the same year over time. Well 
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A) B) 
 
Wells SPUD in 2005 
 
Wells SPUD in 2006 
C) D) 
 
Wells SPUD in 2007 
 
Wells SPUD in 2008 
E) F) 
 
Wells SPUD in 2009 
 













































































































































































































































Wells Reported Gas Quantity Reported
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G) H) 
 
Wells SPUD in 2011 
 
Wells SPUD in 2012 
Figure 21. Number of active unconventional wells, represented by the blue bars and right axis, 
and their gas production, represented by the red line and left axis, over time (displayed by SPUD 
year), data from PADEP 
 
In addition to reporting production, operators are required to designate a well status for 
each well per reporting period (Table 7). By the end of 2015, 63% of SPUD vertical wells have 
been plugged or are inactive, and 2% of SPUD horizontal wells are no longer producing 
(Appendix E and Figure 22). Many of these wells were the earliest wells drilled (Figure 22 and 
Figure 23). Seventy-four wells (5% of total SPUD wells) are currently inactive; the lifetimes of 

















































































Wells Reported Gas Quantity Reported
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Table 7. Well status definitions per PADEP. Well operators are required to designate a status for 
each well every reporting period. (PA DEP 2016a) 
Well Status Definition 
Active 
Permit has been issued and well may or may not have been drilled or 
producing, but has not been plugged. 
Abandoned 
A well that has not been used to produce, extract or inject any gas, 
petroleum, or other liquid within the preceding 12 months; for which 
equipment necessary for production, extraction, or injection has been 
removed; or considered dry and not equipped for production. 
Regulatory 
Inactive 
A well status that is requested by well operator and has been granted by 
DEP. Well is capable of producing, but is temporarily shut in. Granted 
for initial 5 years and must be renewed yearly after first 5 years. 
Plugged OG 
Well 




Table 8. Number of unconventional wells per well status designation as reported to PADEP 
from well operator, as of the end of 2015; data from PADEP 








Vertical 29 0 9 40 78 63% 
Deviated 1 0 0 0 1 0% 






Figure 22. Well status as of 2015 of vertical (A) and horizontal (B) unconventional wells per 














































Figure 23. (A) Location of unconventional wells color-coded by SPUD year and (B) well status of every SPUD well as of the end of 
2015 (Data from PASDA and PADEP Oil & Gas Reports, see Appendix A) 
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4.1.3 Waste Production 
 Approximately 38 million barrels and 913,000 tons of waste have been produced as a 
result of USGD in Washington County since 2005. The bulk of the wastes generated are drilling 
fluids (~2.8 million barrels), fracturing fluids (~10.7 million barrels), brine and produced fluids 
(~24 million barrels), and drill cuttings (~900,000 tons). Brine has been included in the produced 
fluid amount for this analysis. Brine volumes were only reported until 2009 and produced fluids 
were not reported prior to 2009 (Figure 24). Waste records for 2007 are unavailable due to an 
unrecoverable data loss by PADEP (Lutz, Lewis, and Doyle 2013) and drill cuttings were not 
reported until 2012 (Figure 25). 
 
 
Figure 24. Fluid waste generated from unconventional gas well drilling and hydraulic fracturing 





















Drilling Fluid Fracturing Fluid Produced Fluid
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Figure 25. Drill cuttings generated from unconventional gas well drilling per reporting period, 
drill cuttings prior to 2012 were most likely buried on-site and therefore not reported; data from 
PADEP 
 
 Generated wastes must be accounted for and disposal methods must be reported to 
PADEP. Landfills are the most common disposal method for solid waste and fluid waste is most 
commonly reused (Figure 26). Almost all of the waste has stayed in-state (95% solid, 89% fluid); 
however, since 2005 waste has been sent to West Virginia (2% solid, 1% fluid), Ohio (3% solid, 
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Figure 26. Amounts of USGD waste disposed of by the most common methods since 2005, as 
reported by well operators. The number of barrels of waste are represented by the blue bars and 
the left axis. The number of tons of waste are represented by the red bars and the right axis. Data 
from PADEP. 
 
 The majority of drill cuttings that have been disposed of off-site have gone to municipal 
landfills (94%), while the rest (6%) have gone to residual waste facilities (PA DEP 2015b). Fluid 
wastes have been disposed of by a variety of methods, but most have been reused (Figure 27). 
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4.1.4 Land Usage 
 By the end of 2015, Washington County had 344 well pads for the 1,362 unconventional 
wells that had been SPUD by that time, averaging four wells per pad. Most vertical wells were 
drilled on single-well pads (62 of 78), but some were found on multi-well pads with horizontal 
wells (Figure 28).  
 
 
Figure 28. Distribution of the number and configuration (vertical or horizontal) of 
unconventional wells drilled per well pad, data from PADEP 
 
Location information (latitude/longitude coordinates) was missing for 35 well pads from 
the DEP Well Pads report, but are represented by blue dots in Figure 29. Using land estimates 
commonly found in the literature (3-5 acres/1-2 hectares per well pad, with 3-4 acres/1-1.6 
hectares for roads and utilities), the land needed for 344 well pads would be 2,064-3,100 acres 
(835-1,255 hectares), which is approximately 0.5% of the total land in the county. Almost all of 
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Horizontal
Vertical
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uses in Washington County (386,591 acres/156,447 hectares, 70%), and would require less than 
1% of these lands. 
 
Figure 29. Land uses of Washington County in 2010 and locations of well pads and 
impoundments as of 2015 (Data from PASDA and PADEP, Google Earth; see Appendix A) 
 
Using Google Earth, the areas of 104 well pads (30% of county pads) located near water 
sample sites were measured. During construction of a well pad, the land area required ranged 
from 3-27 acres (1.2-11 hectares) for pads without impoundments, and from 9 to 43 acres (3.6-17 
hectares) for pads with impoundments, averaging 12 and 21 acres respectively (4.9 and 8.5 
hectares). Completed well pads without impoundments averaged 6 acres (2.4 hectares) in size, 
while completed pads with impoundments averaged 15 acres (6 hectares). Centralized 
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impoundments separate from well pads were found to use 5 to 18 acres (2-7.3 hectares) during 
construction and 2 to 6 acres (0.8-2.4 hectares) when completed. Figure 30 shows the area of 
land that was altered for the construction of the Yeager Unit in Amwell Township. The pad 
includes three gas wells, a waste pit, and an impoundment. The completed unit totals 11 acres 
(4.5 hectares), but the initial construction disturbed a total of 25 acres of land (10 hectares). 
  
  
Figure 30. Construction of Yeager Unit 1H, 2H, 7H pad and impoundment in Amwell Township 
(top images: 2008, bottom left: 2010, bottom right: 2014); images from Google Earth 
 
PADEP does not have a publically accessible database regarding the location of 
impoundments, as they do for wells and well pads. Google Earth was used to find 91 
impoundments of varying sizes throughout the county. Approximately one-third of these 
impoundments were not located on a well pad. Taking into account impoundment locations, and 
the average land area for well pads in Washington County, the approximate amount of land that 
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has been used for well pads, roads, and impoundments to date is 2,700 acres (0.5% of county 
land, 0.7% of forest and agricultural land); however, roughly 5,000 acres of land may have been 
altered in total for the overall construction (0.9% of total county land, 1.3% of forest and 
agricultural land).  
 
Table 9. Summary of land usage approximations for the construction of USGD sites and 




















Literature Estimations 344 7.5 2580 0.5% 0.7% 
Well Pads without 
Impoundments 
283 6 1698 
0.5% 0.7% 
Well Pads with 
Impoundments 
61 15 915 
Centralized  
Impoundments 
30 4 120 
Construction of Pads 
without Impoundments  
283 12 3396 
0.9% 1.3% 
Construction of Pads 
with Impoundments 




30 11 330 
 
 
4.1.5 Water Usage  
 Thirty-two completion reports were obtained from a file review request through DCNR 
and were used to calculate water usage for those wells. Thirty-one wells (six vertical and 25 
horizontal) drilled between 2006 and 2012 used 64 million gallons (242 million liters) of 
freshwater, 14 million gallons (53 million liters) of recycled water, and six million gallons (23 
million liters) of slickwater (fracture fluids). The amount of freshwater or recycled water in the 
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fracture fluid mixtures was not included on the reports. Recycled water was not recorded on any 
report until 2010, when it made up less than half of the fracturing fluid; however, the completion 
reports for wells drilled after 2010 (4 wells) indicate that the fracturing fluids were almost 100% 
recycled water. 
 
Table 10. Fluid use in Washington County (reported in gallons), summarized from completion 











Vertical (6) 3,155,434 0 1,167,591 4,323,025 720,504 
Horizontal (25) 61,097,865 14,177,324 5,203,548 80,478,737 3,219,149 
TOTAL 64,253,299 14,177,324 6,371,139 84,801,762  
  
 
Estimated water requirements for Marcellus wells range from 1 million gallons for 
vertical wells (Hayes 2009) and 3-6 million gallons (11-23 million liters) for horizontal wells 
(Kappel et al. 2013; Mantell 2011), with 6-25% of the injected fluid volume returning to the 
surface as flowback water (Hansen et al. 2013; Jiang et al. 2014; NETL 2013) and less than 200 
gallons (575 liters) of produced water for every MMcf of gas (Jiang et al. 2014; Mantell 2011). 
Since 2003, 1,284 horizontal and 78 vertical unconventional wells have been drilled in 
Washington County, using an estimated total of 3.9-7.8 billion gallons (15-30 billion liters) of 
water. Although approximately 279-2,299 million gallons (1.1-8.7 billion liters) of fluids may 
have returned to the surface as wastewaters (7-30% of injection volumes), 3.6-5.5 billion gallons 
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Table 11. Low and high estimates of water used and recovered (in gallons) from Washington 
County wells since 2003 
 
Low High 
Water Used (78 Vertical) 56,238,000 78,000,000 
Water Used (1284 Horizontal) 3,852,000,000 7,704,000,000 
Water Used (Total) 3,908,238,000 7,782,000,000 
Flowback Water (6-25%) 234,494,280 1,945,500,000 
Produced Water (25-200 gallons per MMCF gas) 44,150,000 353,200,000 
Production Water (Total) 278,644,280 2,298,700,000 
Consumptive Loss 3,629,593,720 5,483,300,000 
 
Marcellus wells have generated approximately 1.6 billion gallons (6 billion liters) of fluid 
waste since 2005, which falls within the estimated produced water range (Table 11). This would 
indicate that both the volume of water required per fracture and the volume of fluids that returns 
to the surface in Washington County falls in the higher ends of the estimated ranges. However, 
using the waste volumes from PADEP reports and the range of production fluids (7-30%) 
returning to the surface, it was calculated that the total amount of water used within Washington 
County since 2005 could have been 5.25-22.5 billion gallons (20-85 billion liters), with 3.7-21 
billion gallons (14-80 billion liters) lost underground.  
 
4.1.6 Inspections and Violations 
 Since 2003, PADEP completed 8,038 inspections of unconventional wells (over 1,500) 
and well sites (355); however, only 1,362 wells had been drilled on 344 sites by the end of 2015. 
Of these inspections, 401 violations were recorded (5% of inspections) – 330 (82%) 
environmental health and safety (EHS) violations and 71 (18%) administrative (ADMIN) 
violations (Figure 31). Most inspections (74%) were routine or due to drilling or altering a well; 
9% of inspections were in response to a complaint (Table 12). All violations were from 134 
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wells (10% of SPUD wells) on 100 sites (29% of constructed well pads) (see Appendix F for 
details of violations per well pad).  
 
 






Environmental Health & Safety 
Violations, 4%
Administrative Violations, 1%
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Table 12. Number of PADEP unconventional well and well pad inspections per inspection type 













Administrative/File Review 147 39 33 6 
Complaint Inspection 726 41 7 34 
Compliance Evaluation 202 6 1 5 
Drilling/Alteration 3355 11 0 11 
Follow-up Inspection 136 11 0 11 
Incident- Response to 
Accident or Event 
241 104 14 90 
Plugging (Includes 
Plugged/Mined Through) 
22 0 0 0 
Pre-operation Inspection 160 0 0 0 
Routine/Complete Inspection 2561 155 14 141 
Routine/Partial Inspection 181 11 0 11 
Site Restoration 307 23 2 21 
Grand Total 8038 401 71 330 
 
 
The EHS violation codes were grouped by similar type (e.g. casing and cementing, 
pollution incident, etc.) in order to produce an overview of the violations that had occurred 
(Figure 32). The majority of EHS violations were due to a pollution incident (45%) or an issue 
with waste management (25%), which can lead to a pollution incident (Appendix G). The top 
administrative violation (21%) was a general violation without any specifications, but 17% were 
for failure to notify PADEP of a pollution incident (Appendix G). The violation type 
(ADMIN/EHS) was not correct for 53 violations and were changed from ADMIN to EHS after 
consulting the most current PADEP Oil & Gas Violation Codes (PA DEP 2015c).  
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Figure 33. Location of unconventional wells with reported violations, since 2003 (Data from 
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4.2 Water Quality Analysis  
 Ninety-nine water samples were collected from 87 different locations throughout 
Washington County between 2011 and 2015 for this study. All of the samples were analyzed in 
the field using the YSI and in the laboratory using IC and ICP-MS. However, 22 of the 99 total 
samples were not analyzed for light hydrocarbons being that VOC testing of samples did not 
begin until 2013.  
 
 
Figure 34. Location and source type of collected samples with location of unconventional wells 
(Data from PASDA and PADEP Oil & Gas Reports, see Appendix A) 
 
 
  77 
Table 13. Number of samples and sample locations per water source 
 Spring Surface Well 
Samples 19 15 65 




4.2.1 Residential Survey 
 The survey was completed by homeowners for 62 groundwater sources: 50 wells and 12 
springs (results can be found in Appendix H). Forty-two wells (84%) were drilled, three (6%) 
were driven, one (2%) was dug, and four (8%) homeowners were unsure of the well 
construction. Thirty-nine of the survey respondents knew the depth of their well, which ranged 
from 15-73 meters (50 to 240 feet) (Figure 35A) below ground surface. Well depths were 
subtracted from the sample location surface elevations to obtain the water elevation (relative to 
sea level) of the samples. Water elevation ranged between 244-384 meters (800-1,260 feet) 
above sea level; Figure 35B shows the distribution of groundwater elevations for the samples 
collected. Figure 36 shows the well depth and water elevation of each of the 39 samples where 
the homeowner knew the depth of the well. The well locations are sorted by their surface 
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A) B) 
  
Figure 35. (A) Box and whisker plot showing the quartile divisions of the range of well depths 
relative to ground surface of well water samples; (B) Frequency of groundwater elevations 
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 Thirty-five homeowners (57%) reported no recent changes to the quality or quantity of 
their water; 13 (21%) reported quality changes, such as smell, taste, color, and/or other (i.e. oily 
sheen, sediment, foam); seven (11%) reported changes to both quality and quantity; and three 
(5%) reported quantity changes, including two homeowners who had reported a loss of 
groundwater supply after unconventional gas well drilling activities commenced in the area. Four 
(6%) survey respondents were not able to fully report on changes because they were either not 
using their groundwater at the time or had a supplemental water system in place due to previous 
issues (Figure 37). Nine (15%) of the households surveyed were not drinking their groundwater 
and were opting for bottled water to drink and cook with because of taste or contamination 
issues. Two spring water households claimed a change in water quality and a third did not know 
of quality changes since the spring water was never used for drinking due to the hardness. 
Quality and quantity changes to well water were reported over the range of well depths and water 
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Figure 38. Water quality and quantity complaints per well depth (A) and water elevation (B). 
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Figure 39. Survey, unconventional well, and impoundment locations (Data from PASDA and 
PADEP Oil and Gas Reports, see Appendix A)  
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4.2.2 Water Chemistry 
All samples (99) were analyzed using the YSI, IC, and ICP-MS, a sub-set of samples (77) 
were also analyzed for light hydrocarbons. 
 
Table 14. Summary of water chemistry results and EPA (S)MCLs exceedances (99 samples)  






Temp (°C) 4.5 13.3 24.6 13.9 *  
DO (%) 7.5 59.4 103 53.2 *  
DO (Mg/L) 0.7 5.7 11.1 5.5 *  
pH** 4.5 7.2 8.9 NA 6.5-8.5 7 
Pressure (mmHg) 721 735 742 733 *  
Spf. Cond (µs/cm) 286 605 2886 661 *  
Cond. (µs/cm) 184 484 2197 519 *  
TDS (mg/L)** 186 393 1876 429 500 18 
Fluoride (mg/L)** 0.02 0.05 1.49 0.13 4 0 
Chloride (mg/L)** 0.93 11.1 781 32.2 250 2 
Nitrite (mg/L) bdl bdl bdl bdl 3.3 0 
Bromide (mg/L) 0.03 0.45 1.05 0.51 *  
Nitrate (mg/L) 0.01 4.07 26.6 5.56 44.3 0 
Phosphate (mg/L) 0.30 0.35 1.83 0.74 *  
Sulfate (mg/L)** 0.77 44.0 1022 58.7 250 1 
Li (mg/L) 0.001 0.009 0.383 0.015 *  
B (mg/L) 0.001 0.036 1.013 0.083 *  
Na (mg/L) 2.40 19.40 382 42.2 *  
Mg (mg/L) 0.24 10.9 71.2 14.7 *  
Al (mg/L)** 0.001 0.014 14.4 0.245 0.2 4 
Si (mg/L) 0.60 5.02 15.9 5.41 *  
P (mg/L) 0.01 0.06 0.66 0.08 *  
K (mg/L) 0.13 1.40 10.0 1.59 *  
Ca (mg/L) 1.71 68.1 187 70.2 *  
Ti (mg/L) 0.001 0.001 0.005 0.002 *  
V (mg/L) 0.0001 0.0003 0.0022 0.0006 *  
Cr (mg/L) 0.0002 0.0017 0.0558 0.0042 0.1 0 
Mn (mg/L)** 0.001 0.010 18.3 0.397 0.05 23 
Fe (mg/L)** 0.04 0.52 76.9 2.25 0.3 72 
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Co (mg/L) 0.0001 0.0003 0.273 0.004 *  
Ni (mg/L) 0.001 0.002 0.481 0.009 *  
Cu (mg/L) 0.001 0.012 0.403 0.025 1 0 
Zn (mg/L)** 0.001 0.012 0.724 0.070 5 0 
As (mg/L) 0.001 0.004 0.019 0.004 0.01 2 
Se (mg/L) 0.001 0.002 0.007 0.003 0.05 0 
Rb (mg/L) 0.001 0.001 0.012 0.001 *  
Sr (mg/L) 0.01 0.39 3.00 0.54 *  
Mo (mg/L) 0.0001 0.0006 0.0445 0.0013 *  
Ag (mg/L)** 0.0001 0.0030 0.0048 0.0024 0.1 0 
Cd (mg/L) 0.00002 0.00006 0.00239 0.00019 0.005 0 
Sn (mg/L) 0.001 0.004 0.066 0.015 *  
Sb (mg/L) 0.0001 0.0001 0.0020 0.0003 0.006 0 
Ba (mg/L) 0.01 0.14 1.08 0.18 2 0 
W (mg/L) 0.0001 0.0003 0.0015 0.0005 *  
Pb (mg/L) 0.0001 0.0005 0.0717 0.0027 0.015 1 
U(mg/L) 0.0001 0.0005 0.0014 0.0005 0.03 0 
*no (S)MCL, **SMCL – secondary drinking water standard 
 
 
Table 15. Summary of light hydrocarbon analysis and levels of concern (77 samples) 
 Minimu
m 










Methane (µg/L) 0.33 3.94 10574 705 7000 28000 2 
Ethane (µg/L) 0.01 0.05 692 42.5 * *  
Ethene (µg/L) 0.01 0.02 0.02 0.02 * *  
Propane (µg/L) 0.02 0.03 0.25 0.07 * *  
Propylene (µg/L) 0.02 0.04 0.17 0.05 * *  
Butane (µg/L) 0.28 0.28 0.28 0.28 * *  
   *no established level 
 
  
Eighty-one of the 99 samples collected exceeded at least one (S)MCL. The most 
commonly exceeded (S)MCL was iron, 73% of all samples had concentrations above the 0.3 
mg/L standard limit; manganese was the next most often exceeded (S)MCL with 23% of the 
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samples containing greater than 0.05 mg/L. Iron and manganese are secondary standards; 
aluminum, chloride, pH, sulfate, and total dissolved solids (TDS) were the other secondary 
standards that had been exceeded. The primary standard for lead was exceeded in one well water 
sample (0.0717 mg/L) (Figure 40).  
 
 
Figure 40. Number of samples collected for this study that exceeded an (S)MCL 
 
The 18 samples that did not exceed any drinking water standard all had elevated levels of 
at least one (and up to four) constituents with an (S)MCL. When including the samples with 
elevated levels (greater than one-half the (S)MCL) of constituents, 93% of the samples had high 
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Lead, barium, chromium, and nitrate were the primary standards that had elevated concentration 
levels in water samples (Figure 41).  
 
Figure 41. Number of samples collected for this study that had elevated concentrations of a 
parameter with an (S)MCL, added to those samples that exceeded an (S)MCL 
 
  
The majority of samples (47) exceeded only one standard, but one well sample and one 
spring sample each exceeded six (Figure 42A). Well and spring water samples were more likely 
to exceed an (S)MCL for drinking water: 56 (86%) well samples and 16 (84%) spring samples 
were over at least one (S)MCL, while 9 (60%) surface samples exceeded a standard. Each source 
was found to have exceeded multiple (S)MCLs. All sample sources were also found to have 
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88% of well samples, and 84% of spring samples had elevated concentrations of at least one 




Figure 42. (A) Number of samples exceeding one or more (S)MCLs and (B) number of samples 
with one or more elevated parameter per sample source 
 
  
Seventy-seven samples were analyzed for all chemical parameters: 38 (49%) had at least 
one light hydrocarbon detected. Nearly half of the samples (48%) had detectable levels of 
methane and almost one-quarter (22%) had detectable levels of ethane (Figure 43A). Most of the 
samples that were found to have light hydrocarbons had only one (Figure 43B), which was 
methane in all but one sample: ethene was detected at the practical quantitation limit (PQL). 
Methane was present in all of the samples that had more than one light hydrocarbon and ethane 
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A) B) 
  
Figure 43. (A) Light hydrocarbons detected in samples and (B) number detected per sample 
 
  
All of the surface samples (7) contained detectable levels of methane, while 46% (25) of 
well samples and 36% (5) of spring samples had detectable levels. One spring sample and one 
surface sample contained ethane in addition to methane; no other hydrocarbons were found in 
spring or surface samples. All of the heavier hydrocarbons detected (ethene, propane, propylene, 
and butane) were in well water samples. The concentration of methane in spring and surface 
samples was low, ranging from 0.4–5.08 µg/L; the range in well water samples was far greater at 
0.33–10,573.82 µg/L (Figure 44). Ethane was detected in 17 samples with concentrations 
ranging from the PQL value of 0.01 up to 692.31 µg/L; the ratios of methane to ethane in these 
samples ranged from 14 to over 14,000 (Table 16).  
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Figure 44. Range of methane concentrations (µg/L) per sample source. Box plots show quartile 




Table 16. Methane to ethane concentration ratios in survey samples 
Sample Source Methane (µg/L) Ethane (µg/L) Methane:Ethane 
MS440 well 0.42 0.03 14 
MS316 well 10573.82 692.31 15 
MS317 well 2.42 0.13 19 
MS314 spring 0.96 0.05 19 
MS265 well 20.42 0.39 52 
MS258 surface 0.53 0.01 53 
MS252 well 3158.48 14.75 214 
MS309 well 4.31 0.02 216 
CC7 well 4.61 0.02 231 
MS362 well 63.79 0.12 532 
MS366 well 16.70 0.03 557 
MS439 well 7254.24 12.39 585 
MS294 well 1457.19 1.18 1235 
MS110 well 71.68 0.02 3584 
MS374 well 195.27 0.05 3905 
MS438 well 195.27 0.04 4882 



























  89 
Further analyzing the sub-set of 77 samples that were analyzed for all parameters, 
including light hydrocarbons, 47% (36) of samples exceeded (S)MCLs only, 44% (34) exceeded 
at least one (S)MCL and had at least one hydrocarbon present, 5% (4) did not exceed an (S)MCL 
but did have hydrocarbons, and 4% (3) did not exceed an (S)MCL nor have hydrocarbons 
present. The three samples collected and analyzed for all parameters that did not exceed an 
(S)MCL and did not have a detectable level of any light hydrocarbons were all well water 
samples.   
 
 
Figure 45. Number of samples and water source per type of contamination. Most samples 
exceeded an (S)MCL, and half of those samples also contained at least one light hydrocarbon 




4.2.3 Geospatial Analysis 
 All samples were taken within 2.5 kilometers (1.5 miles) of an unconventional gas well. 
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686 m (2,250 ft) and average of 770 m (2,526 ft) (Figure 46A). Sixty-five samples were taken 
within 762 m (2,500 ft) of an UNC well, PADEP’s “presumption of responsibility” distance 
(Figure 46B). Only six sample locations (7%) did not have an unconventional well or 
impoundment within 1609 m (1 mi), but the majority of locations (63%) had both (Figure 47). 
 
A)  B) 
  
Figure 46. (A) Box plot showing quartile divisions of the distance between samples and the 
nearest UNC gas well. Line in box is median, dot is mean. (B) Number of samples located within 
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A) B) 
  
Figure 47. (A) Number of sample locations within specific distances to nearest UNC site (well 




Water quality and quantity changes (Figure 48), as well as (S)MCL exceedances (Figure 
49), occurred over the range of distances from the nearest UNC well. Reported quality changes 
occurred more frequently in sources closer to an UNC well and reported quantity changes 
occurred over a much smaller range of distances. The highest concentrations of parameters that 
could indicate USGD influence (TDS, Cl, Na, Ca, Mg, Sr, Ba, methane) were found to be 
highest within 1 km of a UNC well, but no direct relationship between concentration and 
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A) B) 
  
Figure 48. (A) Water quality and (B) water quantity changes reported in relation to the nearest 





Figure 49. Box and whisker plot (quartile divisions) of the number of (S)MCLs exceeded in 
relation to distance to nearest UNC well. Line in box is median. Six MCLs were exceeded in one 
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 The highest methane concentrations (1,457-10,573 µg/L) were found in samples taken 
from sources within one kilometer of an unconventional gas well (Figure 51). The 60 samples 
taken within 1 km had an average concentration of 433 µg/L, while samples taken from sources 
at a greater distance (17 samples) averaged 5.57 µg/L. When detected, ethane and propane 
concentrations were also highest in sources closer to unconventional gas wells (Figure 52). 
 
Figure 51. Relationship of methane concentrations and distance to the nearest unconventional 
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Figure 53. Methane to ethane ratios (Table 16) in relation to the nearest UNC gas well. Ratios 
can be used to distinguish between sources of methane: less than 100 indicates a thermogenic 
source while greater than 1000 indicates a biogenic source (Jackson et al. 2013b; Molofsky et al. 
2013) 
 
 4.2.4 Homeowner Provided Results 
 Nine homeowners provided a total of 30 water quality test results from 11 different 
locations (L81-83 are located on the same property). Previous water testing events included 
industry pre-drill, responses to complaints made to PADEP, and private tests. Industry pre-drill 
data was provided for eight sample locations and was compared to subsequent test results to 
determine if there were any changes in water quality.  
TDS increased from pre-drill levels in all locations, but most homes remained below 
(S)MCL. Chloride, sodium, calcium, magnesium, and pH showed some fluctuations above and 
below pre-drill; barium and strontium increased slightly for most homes. Iron and manganese 
had larger fluctuations: most locations had pre-drill concentrations under (S)MCLs but all of 
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more than 10x pre-drill. Four locations also saw an increase in copper and aluminum, with Al 
reaching above (S)MCL after drilling or during pad construction (Figure 54). Half of the sample 
locations had similar pre- and post-drill results, but the other half had measurable changes for a 


















   
   
Pre-Drill (mg/L) 
Figure 54. Comparison of industry pre-drill data and post-drill water quality data. Gray line is pre-drill data, points are later and/or 





































































   
   
Pre-Drill (mg/L) 
Figure 54 continued. Comparison of industry pre-drill data and post-drill water quality data. Gray line is pre-drill data, points are 





















































Figure 55. Pre-drill and post-drill water quality data comparison per location. Gray line is pre-drill data, points are variations from 















































































































































Figure 55 continued. Pre-drill and post-drill water quality data comparison per location. Gray line is pre-drill data, points are 
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4.2.5. Concentration Ratios 
Concentration ratios were used to establish relationships between water samples and 
water quality data collected for this study and various produced fluids. As stated previously, 
conventional oil brine, impoundment water, flowback, and produced water were provided to this 
study from oil and gas activities in western Pennsylvania; these samples were analyzed by the 
Stolz laboratory using IC and ICP-MS. Additional produced water data came from a study by 
Chapman et al. (2012) and includes waters from all stages of production from Marcellus wells 
throughout Pennsylvania. Industry pre-drill was provided to homeowners by well operators; 
homeowner results were all water sampling results provided to the study by homeowners other 
than pre-drill results. 
 
 
Figure 56. Na/Cl concentration ratios of all water analyzed for this study, all additional water 
quality data from industry pre-drill and homeowners private sampling, with additional produced 































Figure 57. (A) Ca/Cl and (B) Mg/Cl concentration ratios of all water analyzed for this study, all 
additional water quality data from industry pre-drill and homeowners private sampling, with 





























































Figure 58. (A) Ba/Cl and (B) Sr/Cl concentration ratios of all water analyzed for this study, all 
additional water quality data from industry pre-drill and homeowners private sampling, with 































































Figure 59. (A) Ba/Cl and (B) Sr/Cl with Cl concentration ratios of all water analyzed for this 
study, all additional water quality data from industry pre-drill and homeowners private sampling, 
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Figure 60. Sulfate to chloride concentration ratios of all water analyzed for this study, all 
additional water quality data from industry pre-drill and homeowners private sampling 
 
 
Figure 61. Calcium to magnesium concentration ratios of Marcellus production fluids analyzed 
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Figure 62. (A) Ca/Sr to Ca/Mg and (B) Ba/Ca to Sr/Ca concentration ratios of all water analyzed 
for this study, all additional water quality data from industry pre-drill and homeowners private 
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CHAPTER 5: DISCUSSION 
5.1 USGD in Washington County 
Creating an overview of USGD in Washington County from industry reports obtained 
from PADEP and DCNR was difficult. While data was available from PADEP’s website, it was 
disorganized and sometimes incomplete. Additionally, PADEP does not house all of the reports 
associated with USGD; well completion reports can only be obtained through a file request from 
DCNR. These reports are not an electronic database, but scanned PDFs of hand-written forms, 
making it difficult to search for and summarize specific information. 
 
5.2.1 Gas and Well Production 
SPUD reports were used to determine the locations and configurations 
(vertical/horizontal) of conventional and unconventional wells, and also the current status of a 
well. Gas production reports were used to determine trends in production and the overall 
production in the county over a ten-year period; but changes in reporting periods and the 
separation of conventional production and unconventional production made it difficult to 
organize and analyze this data. Some data overlapped when reporting periods changed (i.e. 
annually to semi-annually) and conventional data was found on unconventional reports and vice-
versa.  
 Washington County saw a significant change in well construction over a very short 
period of time. Unconventional drilling began in 2005, but by 2009 the majority of wells drilled 
were unconventional and horizontal. The shift from conventional to unconventional drilling 
pushed an established drilling industry out of Washington County; many small companies could 
not afford to compete with the larger unconventional drillers and went out of business (Litvak 
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2015). The surplus of gas that the Marcellus industry created drove market prices down, making 
conventional drilling uneconomical (Yerace 2012). The number of conventional wells declined 
after 2007 and the conventional industry has not returned in Washington County (Figure 13). 
Industry reported data for Washington County show that horizontal well production 
peaks within the first three years of production and declines relatively quickly thereafter (Figure 
20); however, the high decline rate is common of most shale plays (Hughes 2014; Jackson et al. 
2015). Initial production of unconventional horizontal wells is increasing due to longer laterals 
and improved fracturing techniques (Figure 20), yet average daily gas production has remained 
steady at 1 MMcf since 2011 (Figure 17). After the peak production of a horizontal well, it may 
still produce a small amount of gas for a number of years, but whether it is economical to keep 
the well in production depends on several factors, including the market value (i.e. price per Mcf).  
Within ten years of USGD, 4.1% of the total number of drilled wells (1,362), but 4.9% of 
all of the producing wells (1,148) have already been plugged. The majority of these wells are 
vertical, which would generally produce less gas than horizontal wells being that they tap into a 
much smaller area of the shale play. Sixty-three percent of unconventional vertical wells drilled 
in the county are already plugged or inactive (Figure 21 A-C); however, only 1.2% of horizontal 
wells are plugged and only 0.5% are inactive (Table 8). While it is still too early to predict how 
long horizontal wells will remain in production if they produce at a low output, wells in the 
Barnett Shale generally do not remain in production much longer than ten years (Hughes 2014). 
The expected production of Marcellus wells varies by region, with Washington County wells 
predicted to produce approximately 2.74-3.69 Bcf over the life of the well (Hughes 2014; Staub 
2015). Currently, these wells are producing 1 MMcf/d on average (Figure 17) and would 
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therefore reach the estimated ultimate recovery in 7.5-10 years; a much shorter production period 
than the 20-40 years that is generally assumed (API 2010; Moss et al. 2009; PIOGA 2016). 
To offset the steep decline rates of unconventional wells, new wells need to be drilled. 
(Hughes 2015) estimates that 900 new wells must be drilled in Pennsylvania per year to maintain 
current production. Washington County has the most wells in the state, at 14%, and would 
therefore need to drill an additional 126 wells each year to maintain current production. Since 
2010, more than 126 wells have been drilled each year (Figure 15), effectively increasing 
production levels. However, 2015 saw the first significant decline in new wells, dropping from 
229 wells in 2014 to 160, and the first decrease in the rate of drilling growth. While this decrease 
is likely due to low market prices, it could also be an indicator of diminishing reservoirs in the 
Marcellus.  
Despite this decline in well drilling, the county is continuing to see an increase in both 
gas production and the number of producing wells (Figure 16). This increase is due to previously 
drilled, but not completed, wells being brought on-line. Operators commonly drill a well to 
prevent a land lease from expiring, but not complete the well until conditions are more favorable 
(MCOR 2015), either in terms of economics or access to infrastructure (Hughes 2015). More of 
these “hold by production” wells are being put into production, the backlog of drilled wells that 
had not been producing has decreased from 66% in 2009 to 20% in 2015 (Figure 18). Many of 
the active but non-producing wells are either SPUD but not compete, or have been temporarily 
shut-in (Figure 19). Bringing the backlog of non-producing wells online will help to offset 
drilling declines and continue to increase production for the county.  
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5.2.2 Natural Resource Estimates 
5.2.2.1 Land 
Well pad reports provided the location of a well pad using GPS coordinates, but this 
information was missing for a number of recently constructed well pads; further, these reports 
did not provide any information as to the size of the pad. Information for the location and size of 
impoundments was also not available. Because of inadequate publically accessible information, 
Google Earth was used to measure well pads, and locate and measure impoundments.  
General estimates as to the area of land needed for well pads and roads were comparable 
to the land use estimates found for completed sites in this study; it was surprising, however, to 
find that the construction of these sites require almost twice as much land as the finished site. 
This is important information for those who may be deciding to lease their land, or for 
municipalities deciding on zoning ordinances.  
USGD has already disturbed at least 1% of county land for the construction of well pads, 
impoundments and access roads; pipelines, compressor stations, and processing facilities have 
not been included in these estimates. Additionally, more impoundments may have existed than 
were found using Google Earth due to the gaps in historical aerial images. While this is a 
relatively small area of total county land, it is a larger portion of the county land where it is 
actually feasible to drill. USGD generally does not occur in urban areas, and buffer zones have 
been established around areas such as public parks, schools, and waterways, reducing the area of 
land available for USGD activities. 
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5.2.2.2 Water 
The file review request made to DCNR in early 2015 was for the completion reports for 
80 unconventional wells located near the samples collected for this study. Completion reports 
should include a stimulation record, with fluid types and amounts, in addition to other 
information (STRONGER 2010) regarding the perforation and fracturing of a well. Only 31 of 
the 80 completion reports requested were received for wells drilled between 2006 and 2012. The 
more recent wells (2012 and later) only had plat maps available, indicating that there could be a 
three-year lag between the filing of a completion report and its availability to the public. 
Water volumes from the 31 completion reports were used to calculate the possible 
volume of water used for drilling and hydraulic fracturing over the past decade (Table 11). These 
estimates were comparable to those found in other studies; however, this estimated water usage 
represents only one fracture per well. In order to account for multiple fractures and any other 
additional water needs that may not be identified in literature, wastewater volumes were used to 
obtain a more accurate range of freshwater volumes used. Based on calculations from wastewater 
reports, drilling and hydraulic fracturing in Washington County alone may have used up to 22.5 
billion gallons of water since 2005. This still may be an underestimation since studies have found 
holes in datasets regarding water usage and wastewater production, indicating the likelihood that 
more water is being used and more wastewater is being generated than is reported (Hansen et al. 
2013). 
 
5.2.3 Waste Generation and Disposal 
Similar to production reports, waste reports had changes to reporting periods, making the 
organization of data difficult. In addition, there were inconsistencies in reporting units for waste 
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(e.g. liquid waste reported in both barrels and tons), and there were no records for the amount of 
drilling wastes buried on-site, making it difficult to determine the total amounts of wastes 
generated over the past decade.  
Washington County has already generated approximately 38 million barrels and 913,000 
tons of waste, all of which must be managed and disposed of properly. Most wastewater is 
reused today, but approximately 28% of all wastewater generated has gone to a treatment facility 
that ultimately discharged the treated wastewater to a surface waterbody, potentially causing 
contamination in the past. Prior to 2012, very little drill cuttings were reported and were most 
likely buried on-site, potentially causing environmental issues in the future depending on land 
use changes.  
A study by (Maloney and Yoxtheimer 2012) found operator reported disposal facilities to 
be incorrect on reports obtained from PADEP. Other studies have found missing wastewater 
information (Hansen et al. 2013) and inconsistencies have been found between driller waste 
reports and landfill reports: reported generated waste was much lower than the amount of waste 
received at the landfill for disposal (Litvak and Radwin 2014). This is important to note since 
waste has been responsible for a number of pollution incidents in Washington County (Appendix 
F) and many environmental health and safety violations were due to the mismanagement of 
wastes (Figure 32). 
 
5.2.4 Compliance 
The compliance report had a number of violations incorrectly categorized as 
administrative violations, when they were actually environmental violations. These were 
corrected by comparing the report to the most recent Oil & Gas Violation Codes spreadsheet (PA 
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DEP 2015c), found on PADEP’s website. Without these manual corrections, the reporting on 
PADEP’s website misinforms the public by making it appear that there were far fewer 
environmental violations and pollution incidents than in reality. 
Since 2003, PADEP completed over 8,000 inspections of unconventional wells and well 
sites but recorded only 401 violations, 330 of which were environmental health and safety 
violations. While only 5% of inspections have generated a violation, if spread over all of the 
wells, there would be one violation for every 3.4 wells drilled (29%), or if spread over every well 
pad, there would be 1.2 violations per well pad (120%).  
 
5.2.5 Future Development 
Washington County was home to the first Pennsylvania Marcellus shale gas well and has 
been an important part of the shale boom throughout the state. Of the states that overlie the 
Marcellus, Pennsylvania has the largest production of the formation (85%) (Hughes 2015), and 
further development of the play would greatly increase USGD within the county. It has been 
estimated that upwards of 100,000 wells would be needed to fully develop the play, with 60,000 
of those wells in Pennsylvania (Lutz et al. 2013; MCOR 2015). Washington County currently 
has 14% of state-wide wells; if this is percentage of activity is maintained, the county would see 
a total of 8,400 wells drilled on 2,100 well pads (if the average number of wells per pad remains 
at 4). Drilling activity over the past decade is only 16% of this estimated total.  
Further developing the Marcellus can reduce available lands by as much as 23%, 
depending on the area needed for construction of the 2,100 potential new well pads. This amount 
of land alteration has the potential to significantly impact water quality in the area. Going 
forward, new wells will utilize better technology, which includes longer laterals, higher volume 
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fractures, and additional fracturing stages (Hansen et al. 2013; Hughes 2014), all of which will 
only increase the volumes of water used. Being that so little produced water returns to the 
surface, recycling wastewater does not significantly reduce the amount of water needed for 
subsequent fracturing events. Continued production will also generate more waste, creating the 
potential for waste management and disposal issues (Maloney and Yoxtheimer 2012).  
While continued production in the near future is likely, long-term development may 
eventually become uneconomical if gas prices do not increase or productions costs do not 
decrease (NETL 2013). Gas is first produced from the easily accessible areas of the play, the 
“sweet spots”, but once these areas have been exhausted, production costs will increase due to 
the added challenges of drilling in a less favorable part of the reservoir (Hughes 2015). Higher 
production costs will need to be supported by increased gas prices and higher demand (Moss et 
al. 2009). 
The boom in drilling in Washington County began when gas prices were around $10 per 
Mcf, but after the boom the dramatic increase in gas supply caused market prices to fall and 
drilling to slow. A fluctuating market could cause continuous boom and bust cycles that could 
lead to environmental damage. Drilling during a boom, as what happened earlier this decade, led 
to rapid development of pads, impoundments, and wells. Wells, and other structures, constructed 
rapidly have the potential to be less structurally sound when there is a rush to drill many wells in 
a short period of time (Ingraffea et al. 2014), For example, inadequate erosion and sediment 
controls on well pads can lead to surface water pollution, and improperly cased and cemented 
wells can lead to groundwater contamination. When the boom is over, most likely due to a 
surplus of gas reserves and low market prices, drilling slows or even stops; without new wells to 
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be fractured, wastewater cannot be recycled and alternative treatment or disposal methods must 
be found. 
 
5.3 Water Quality 
5.3.1 Study Participation 
 Participation in this study was voluntary and not solicited, because of this there was no 
control over sample locations. Many of the participants were concerned about drilling activity 
close to their homes and requested to be included in this study, in turn, it was requested of the 
participants to recruit friends and neighbors into the study that were not having issues and were 
farther away from USGD. Most sample locations were close to unconventional wells (within 1 
km), with very few at farther distances, limiting the conclusions that may be drawn from this 
study. 
For one, conclusions cannot be drawn regarding possible contamination and distance to 
an unconventional well from this study. The highest concentrations of indicator parameters were 
found within 1 km of an unconventional site, but most of the samples were collected from 
sources within that same distance. More samples would be needed from areas not near 
unconventional drilling to make a determination. Also, generalizations regarding the water 
quality in Washington County cannot be made, being that this study did not have a representative 
sample set from all parts of the county. 
 
5.3.2 Survey Analysis 
 The majority of sample locations were within one kilometer of a shale gas well; while 
this may increase the likelihood of sources affected by unconventional drilling, more than half of 
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survey respondents reported that there had been no change to water quality or quantity since 
drilling began in the area (Figure 37). Water quality and quantity changes were reported over a 
range of well depths (Figure 38A), water elevations (Figure 38B), and distances to the nearest 
UNC site (Figure 48). Also, no correlation was found between elevated concentrations of 
common indicator parameters of Marcellus wastewaters or methane and distances to the nearest 
UNC site (Figure 50 & Figure 51). In addition, half of the locations where pre-drill data had been 
provided had little variation between pre-drill and post-drill conditions (Figure 55).  
The lack of correlation between reported issues and elevated constituent concentrations 
could be due to a variety of factors, such as the groundwater flow path a well is drawing from or 
the mixing of groundwater from multiple water bearing zones in deeper water wells (Reese and 
Lee 1998). As shown in Figure 36A, sample locations with similar elevations had different water 
elevations, indicating that neighbors in the same general area may be drawing water from 
different water zones, causing them to have different water quality results and experience 
different effects from USGD. 
 
5.3.3 Drinking Water Standards 
 Most of the samples collected (82%) exceeded at least one secondary drinking water 
standard, including iron, manganese, aluminum, chloride, sulfate, total dissolved solids, and pH 
(Figure 40). Although the drinking water standard are not enforceable for these constituents, 
being that they are considered a nuisance and not a hazard, high levels still make water unusable. 
Elevated concentrations of these contaminants cause staining, corrosion, scaling, and changes to 
taste (US EPA 2015b). Elevated concentrations could also be an indicator of pollution. Historic 
and current uses of land within Washington County have the potential to impact groundwater 
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quality. Abandoned mine drainage typically has low pH and elevated levels of sulfate, iron, 
manganese, aluminum, and dissolved solids (Williams et al. 1993). High chloride concentrations 
can come from many different pollution sources, such as agriculture, sewage, brine, or road salt 
(Brantley et al. 2014). 
Iron and manganese were the most commonly exceeded (S)MCLs, 72% and 23% of 
samples, respectively (Table 14). Iron has been the most common problem in Washington 
County waters and wide-ranging concentrations of both manganese and iron have often been 
found in water quality studies (Fleeger 1999; Williams et al. 1993). Although iron and 
manganese are not associated with USGD, these metals are prevalent in Washington County 
groundwater, and changes in concentrations could indicate drilling activities are affecting natural 
processes that would cause increases in groundwater (US EPA 2015a). In all but one home 
where pre-drill results were available, iron increased from pre-drill levels; six homes saw levels 
significantly higher than pre-drill and many were over the drinking water standard after pre-drill 
testing, and four locations saw similar increases in manganese concentrations (Figure 54 and 
Figure 55).  
Due to the lack of pre-drill water quality results and sample locations not near (<1km) 
shale gas activity, it is hard to determine if the large proportion of samples exceeding a 
secondary drinking water standard is normal for groundwater in Washington County, or if it may 
be due to USGD activity near the sample locations. Although most of the sample locations were 
within 2,500 feet of an unconventional well, only eight homeowners had industry pre-drill results 
that they could share; they either did not have them available, or had never received the results. 
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5.3.4 Light Hydrocarbons 
As stated previously, methane was detected in almost half (48%) of the samples that were 
analyzed for light hydrocarbons. All sample sources had detectable levels, with well water 
having the largest concentration range (less than 1 to over 10 mg/L) (Figure 43 and Figure 44). 
Two well water samples were over PADEP’s action level of 7 mg/L, creating a potential hazard 
if the wells are not properly vented. The presence of methane in water is not uncommon and does 
not necessarily indicate migration from an unconventional shale development; methane is 
present in coal seams and other strata in Washington County and can migrate through natural 
faults and fractures to overlying groundwater aquifers (US EPA 2015a). The presence of heavier 
hydrocarbons with methane, however, can indicate a deeper thermogenic source (Alawattegama 
et al. 2015). Ethane was detected in 22% of the samples; ethene, propane, propylene, and butane 
were also detected in ten of these samples. 
 The ratio of methane to ethane concentrations has been used as a general tool to 
distinguish between biogenic and thermogenic sources. Biogenic methane is comprised of 
mainly methane and carbon dioxide and would have a large methane to ethane ratio (>1000) 
since ethane and heavier hydrocarbons are generally not produced during microbial 
methanogenesis (Osborn and McIntosh 2010; Osborn et al. 2011). Smaller ratios (<100) would 
indicate a thermogenic source due to the higher concentrations of ethane, and ratios between 100 
and 1000 are generally assumed to be a mixture of biogenic and thermogenic methane (Jackson 
et al. 2013b; Molofsky et al. 2013).  
Seventeen samples had detectable levels of both methane and ethane and their ratios 
ranged from 14 to over 14,000. Six samples had a ratio of less than 100, suggesting a 
thermogenic source; five samples had a ratio of over 1,000, suggesting a biogenic source; the 
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remaining six were between 200 and 600 indicating a mixture of both biogenic and thermogenic 
methane (Figure 53, Table 16). Of the samples with low concentration ratios (<100), only one 
had a significant concentration of methane. This sample (MS316) had a concentration ratio of 15, 
with a methane concentration of 10.6 mg/L (over PADEP’s action level), indicating that the 
methane could be migrating from nearby USGD. Two samples, MS252 and MS439, had mixed 
ratios but elevated methane concentrations, 3.16 mg/L and 7.25 mg/L, respectively. While the 
methane to ethane ratio is larger, the high methane concentration may still suggest potential 
migration from USGD mixing with a biogenic source. Lastly, two samples, MS294 and CC1, 
had large concentration ratios but also elevated methane concentrations. Due to the very low 
ethane concentrations, it is unlikely that there was thermogenic influence, it is more likely that 
these samples contain biogenic coalbed methane (Kim 1973; NETL 2005).  
 
5.3.5 Pre-Drill and Post-Drill Comparison 
 Comparisons of homeowner provided pre- and post-drill data were used to show if there 
had been any major changes after drilling activities began. While water quality does vary 
naturally (Reese and Lee 1998), normal fluctuations would remain close to the pre-drill value; 
however, some locations saw measurable increases of USGD associated contaminants (TDS, Cl, 
Na, Ca, Mg, Ba, Sr) with little or no decreases (Figure 54 and Figure 55 ), suggesting that all 
drilling activities, including pad construction, can influence water quality.  
The results for L81 (spring), L82 (spring), and L83 (stream) (Figure 55 ) were all pre-
drill, the samples were collected during the construction of a well pad near the property where 
the stream and two springs are located. These locations showed similar fluctuations in iron and 
manganese, while L82 and L83 also saw increases in aluminum. The similarities would be 
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expected since all three locations are in close proximity and are all shallow water sources. An 
increase in metals is commonly found when there in an increase of impervious surfaces 
associated with urbanization or industry (Brabec et al. 2002). L83 is located at the mouth of a 
pond, the well pad is located upstream and uphill of this location. During pad construction, the 
pond received increased sediment loads in addition to garbage flowing down from the well pad, 
indicating that proper erosion and sedimentation controls may not have been adequately 
constructed on the well pad.  
Neighbors, on opposite sides of the same well pad, experienced very different water 
quality issues. L50, a groundwater source with a 150 foot (45.7 meter) well, saw significant 
concentration increases in many constituents (Mn, Fe, Al, Na, Cl, and TDS), and slighter 
increases and fluctuations in other parameters (Cu, Zn, Ba, and Sr). The spring (L51) on the 
opposite side of the well pad saw a significant increase in iron concentrations but only a slight 
increase in chloride. There were fluctuations in some of the same parameters as L51 (Ba, Cu, Sr, 
Zn) but they were slight and some even decreased from pre-drill concentrations. Even though 
these sample locations are approximately 1,450 feet apart, they have different groundwater 
sources and were affected by USGD in very different ways. The elevation profile in Figure 63 
shows that L51 is downgradient of the well pad while L50 is on the other side of a slight incline. 
Because of this, changes occurring at the surface of the well pad would most likely affect L51, 
however, L50 saw more significant water quality changes suggesting issues below the surface of 
the well pad affected the deeper groundwater L50 draws from their well. 
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Figure 63. Aerial image of L50, L51 and well pad from Google Earth. The elevation profile is 
moving from L50 (L) to L51 (R) with elevation of well pad marked at 1280 feet. 
 
5.3.6 Concentration Ratios 
Concentration ratios can be used to characterize waters since the ratios remain constant 
despite dilution and can help distinguish between sources of pollution. Evaluating concentrations 
of wastewater constituents on their own, or changes in these concentrations, is not an adequate 
tool to determine pollution sources (Chapman et al. 2012). The major ions found in Marcellus 
produced waters (Cl, Na, Ca, Mg, Ba, Sr) were used to compare freshwater and wastewater in 
order to establish relationships and potential influences. 
All cation (Na, Ca, Mg, Ba, Sr) concentrations were plotted with chloride to determine if 
any could be used to distinguish between chloride sources. Sodium/chloride ratios of freshwater 
and produced water samples had a positive relationship, indicating that this ratio would not be a 
good indicator of USGD wastewaters. Sodium and chloride are ubiquitous in nature, found in 
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natural waters and many pollution sources. Calcium/chloride, magnesium/chloride, 
barium/chloride and strontium/chloride showed better separation of freshwater and wastewater 
than Na/Cl (Figure 57 and Figure 58), suggesting that these ions could offer more help when 
trying to distinguish between pollution sources. Calcium and magnesium alone would not be 
good indicators because they are so common in nature, but they may be useful when compared 
with other parameters. While barium and strontium can be found in low concentrations in 
freshwater, they are found at higher concentrations in USGD brines, which could make them 
good indicators of unconventional wastewater (Brantley et al. 2014). However, when comparing 
Ba/Cl and Sr/Cl to chloride concentrations (Figure 59), the freshwater samples are distinct from 
oil and gas wastewaters. 
Sulfate to chloride ratios were used to determine if waters were being influenced by 
sulfate sources, such as AMD, or wastes with higher chloride concentrations. The ratios show 
that current water quality is being influenced more by high chloride sources than high sulfate 
sources, as chloride concentrations are more variable (Figure 60). One sample (L77) had a large 
SO4/Cl value indicating AMD influence and two samples, from the same location (L50), are 
moving toward the produced waters. However, this graph only represents a trend toward high 
chloride waters and not specifically USGD influence since there are many sources of pollution in 
Pennsylvania that have high chloride content. 
Ca/Sr to Ca/Mg ratios were used to determine if Marcellus production waters have 
impacted local ground and surface water. Calcium and magnesium are found throughout the 
Marcellus formation and have a mostly constant ratio, as indicated by the linear relationship of 
both the flowback and the produced waters (Figure 61). The Ca/Sr ratio is a unique identifier of 
Marcellus brine due to the high concentration of strontium in the formation (Chapman et al. 
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2012). A low ratio due to high strontium would indicate brine influence and a downward shift in 
the graph. Most of the freshwater samples have a larger Ca/Sr ratio (>100) while the Marcellus 
waters are lower, around 10. The group of freshwater samples are distinct from the Marcellus 
wastewaters; however, there are a number of freshwater samples with lower Ca/Sr ratios, 
suggesting that they have been influenced by waters with higher strontium concentrations. More 
importantly, some freshwater samples have similar ratios to conventional oil brine. All similar 
samples are well water samples, indicating possible groundwater contamination from shallower 
brines (Figure 64).  
 
 
Figure 64. Freshwater samples with similar Ca/Sr and Ca/Mg ratios to conventional oil brine. 
Samples circled in red, all are well water samples, suggesting mixing of brine-like water. 
 
 
When comparing Ba/Ca to Sr/Ca, as did Chapman et al. (2012), the ratios were more 
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wastewaters. All of the identified samples (Figure 65) were obtained from wells, except for L85 
and L86 which were spring samples. Most of the samples with similar Ca/Sr and Ca/Mg ratios to 
conventional oil brines were also identified as similar to oil and gas wastewater (L03, L10, L13, 
L15, L17, L19, and L73). The overlap of freshwater and wastewater ratios suggests mixing of 
these waters. These locations that seem to be influenced by oil and gas wastewaters are located 
throughout the county, indicating that the source of this possible pollution is not isolated. 
 
 
Figure 65. Freshwater samples with similar Ba/Ca and Sr/Ca ratios to oil and gas wastewaters. 
Samples are from both wells and springs and are labeled with location ID. Overlap of freshwater 
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CHAPTER 6: SUMMARY AND FUTURE DIRECTION 
Industry reported data for Washington County unconventional gas development show 
that wells peak within three years of entering production. Washington wells are expected to 
produce a total of approximately 2.74-3.69 Bcf, with current wells producing at 1 MMcf/d, that 
total will be met in 7.5-10 years of production. The next few years will be an indicator of well 
longevity since significant increases in horizontal drilling began in 2008; if 10 years of 
production is a reasonable guideline, these early horizontal wells will begin to be plugged or 
become inactive in the near future, far sooner than the general assumptions of 20-40 years. 
 In order to offset the steep production decline curves of shale formations, new wells must 
be drilled each year, or existing wells must be re-fractured; both approaches will consume large 
amounts of natural resources. New wells will require more land, if not drilled on existing well 
pads, altering upwards of 40 acres of land per pad. Currently, land requirements are 
underestimated being that construction of unconventional sites is not taken into account, only the 
completed site; that being said, this study also underestimates land usage because USGD sites 
other than pads, roads, and impoundments were not taken into account. As new wells are drilled, 
lateral lengths are getting longer, increasing the amount of drill cuttings brought to the surface 
and increasing the volume of water needed to hydraulically fracture the well. Current literature 
estimates of water usage for unconventional wells in the Marcellus is 3-5 million gallons per 
fracture, but this study estimates that up to 15 million gallons may have been used on average per 
horizontal well. This estimate accounts for multiple fractures, increasing lateral lengths, and 
additional water needs not directly associated with fracturing a well. Even with recycling 
production waters, large volumes of freshwater will still be needed since there is very little 
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flowback from the Marcellus. Continuing to use these natural resources will have cumulative 
effects. 
While the estimated area of land used so far is small, at least 1% of county land, the 
increase of impervious surfaces will increase runoff to surface water bodies and could affect 
local groundwater recharge, potentially causing significant water quality and quantity impacts. 
Consumptive water usage can also affect surface and ground water. It has been estimated that up 
to approximately 20 billion gallons of water have been used in Washington County for USGD 
over the past decade. In 2010, Pennsylvania used over eight billion gallons of water per day, and 
shale gas operations were just a small percentage (Maupin et al. 2014). However, most of this 
water is returned to the environment, and while it may be somewhat polluted, it is still available 
for future uses, unlike the water that is sequestered by the Marcellus formation.  
 Many of the issues identified by this study regarding industry reports were also identified 
in the Special Performance Audit of PADEP (DePasquale 2014). PADEP does not verify the 
data it receives, relying on the industry to report correct information; it was also found that 
waste, which can have harmful impacts to the environment, is not tracked appropriately. 
Inconsistencies in operator reports, acknowledgements that water usage and waste generation are 
underreported, as well as underreporting of spills and pollution incidents (Rozell and Reaven 
2012), make it difficult to determine the impacts the industry has already had on the 
environment, let alone take steps to decrease future impacts. These issues also highlight 
PADEP’s inability to monitor an industry that has grown rapidly over the past decade, and has 
the potential to continue to grow. 
Washington County has a long history of human activities degrading water quality. 
Historically, mine drainage and agriculture have had the most significant impacts, but 
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unconventional shale gas development has the potential to be another significant source of 
pollution that creates a new legacy issue for the county. The high percentage of samples in this 
study exceeding at least one (S)MCL (82%), compared to other studies of Pennsylvania 
groundwater that typically report less than 50% (Swistock et al. 2009), could be due to drilling 
activities. Previous groundwater studies in Washington County have detected high iron levels, 
but only in 30% of groundwater samples (Williams et al. 1993), this study had 72% over 
(S)MCL; elevated levels could be caused by drilling and excavating activities. Methane to ethane 
ratios indicate that at least six samples have detectable levels of methane from a solely 
thermogenic source; and six more appear to be a mixture of biogenic and thermogenic sources. 
Reports of increased sediment to surface waterbodies, along with concentration increases of 
metals suggest water quality changes due to surface activities, such as excavation and pad 
construction. Concentration ratio analyses and increased concentrations of drilling waste 
constituents (Cl, Na, Ba, Sr, TDS) in post-drill samples suggests mixing of groundwater with 
waste fluids (Boyer et al. 2012).  
The results of the sample analyses show that groundwater quality varies throughout 
Washington County and while fluctuations in water quality parameters could be natural, they 
could also be an indicator of contamination; not all changes to water quality are naturally 
occurring and should not be dismissed as such when found (Battelle 2013). Pre-drill sampling, as 
well as continuous monitoring, is necessary to determine the relationships and impacts of 
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Appendix A: GIS Data Sources 
Data Layer Source 
PA County Boundaries 
PASDA (Pennsylvania Spatial Data Access): 
PaCounty2014_02, retrieved Nov 2, 2014 
PA Municipality 
Boundaries 
PASDA: PaMunicipalities2014_02, retrieved Feb 15, 2015 
Marcellus Shale 
Formation Boundary 
EIA (U.S. Energy Information Administration): 
Marcellus_ShaleFormation_Extent_EIA_08Jan2015, retrieved 
Jun 18, 2015 
Marcellus Shale Play 
Boundary 
EIA: Marcellus_ShalePlay_Boundary_EIA_08Jan2015, 
retrieved Jun 18, 2015 
Well Permits, SPUD 
Wells, Well Pads 
PADEP, Oil & Gas Reports: shapefiles created from publically 
available oil and gas data 
Oil & Gas Locations 
PASDA: 
OilGasLocations_ConventionalUnconventional2016_02, 
retrieved Feb 14, 2016 
Land Use / Land Cover 
PASDA: SPC’s Land Use/Land Cover 2010 (by county in the 
SPC Region), retrieved Apr 23, 2016 
Bedrock Aquifers 
DCNR: Digital Bedrock Aquifer Characteristics by 
Physiographic Section of Pennsylvania, retrieved Jun 21, 2015 
Abandoned Mine Lands PASDA: AMLInventorySites2016_04, retrieved Jul 15, 2016 
Attaining Streams 
PASDA: IntigratedListAttaining2016_04, retrieved Apr 23, 
2016 
Non-Attaining Streams 
PASDA: IntigratedListNonAttaining2016_04, retrieved Apr 23, 
2016 
Mined Areas PASDA: DigitizedMinedAreas2016_04, retrieved Apr 23, 2016 
Pollution Locations 




Google Earth, images of county over time 
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Appendix C: Survey Consent Form 
   
   BAYER SCHOOL OF NATURAL AND ENVIRONMENTAL SCIENCES 
   CENTER FOR ENVIRONMENTAL RESEARCH & EDUCATION 
 
    
331 FISHER HALL 
600 FORBES AVENUE 





CONSENT TO PARTICIPATE IN A RESEARCH STUDY 
 
TITLE:    Well Water Survey of Six Counties in Western Pennsylvania  
INVESTIGATOR:   John F. Stolz, Professor  
    Center for Environmental Research and Education  
    Duquesne University, Pittsburgh PA 15282  
    Phone: 412 396 4367  Fax: 412 396 4092  stolz@duq.edu   
SOURCE OF SUPPORT:  Heinz Endowments, Colcom Foundation    
PURPOSE:  In response to the recent incidents in water well quality 
changes in the area, we are undertaking a survey to determine 
if there is a pattern to these disturbances and how it relates to 
the local hydrology. Our goal is to use GIS to map the 
location of water wells within the local watershed in an effort 
to locate the source and mechanism of contamination.  
YOUR PARTICIPATON:  You will be asked 6 questions regarding your water 
quality and quantity. You will also be asked if you have 
had previous water testing done and whether you’d be 
willing to share those results. We may also request a 
sample of your well water for testing either at the time of 
the survey or at a later date.  
 
RISKS AND BENEFITS: There are no known risks beyond those of everyday life. 
                                                              
COMPENSATION:  There is no compensation for participating in the survey.  
CONFIDENTIALITY:  All information provided and collected will be confidential. 
Participants will not be identified in any report or summary 
of the surveys released.   
 
Duquesne University  
  IRB - Protocol 12-140  
                   Approval Date:  November 6, 2012 
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RIGHT TO WITHDRAW:  You may withdraw from the study at any time and we will 
withdraw your data as well.    
 
SUMMARY OF RESULTS:  You will be provided a summary of your well water test 
results that we conduct and an explanation of these results.  
VOLUNTARY CONSENT:  I have read the above statements and understand what is 
being requested of me.  I also understand that my 
participation is voluntary and that I am free to withdraw my 
consent at any time, for any reason.  On these terms, I certify 
that I am willing to participate in this research project.  
                                                         
I understand that should I have any further questions 
about my participation in this study, I may call Dr. 
Joseph Kush, Chair of the Duquesne University 
Institutional Review Board (412-3961151).  
 
Please feel free to contact me (Dr. Stolz) if you have 
any questions (412 396 4367; stolz@duq.edu)  
 
 
SIGNATURES:                        Both the researcher and subject should sign, and each should 


























Participant’s Address     
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Appendix D: YSI Data Sheet & Resident Questionnaire 
YSI DATA SHEET 
Homeowner Information Well Information 
Address:   GPS Latitude:   
City, State, Zip:   GPS Longitude:   
Mailing Address:   Elevation (ft):   
County:   
MS Number:   
Township:   
Sample Information 
Date:   Sample Source:   
Time:  Sample Location:  
Pre/Post Drill:   Sampled By:   
Test #1 Test #2 Average 
Temp (ºC)   Temp (ºC)   #DIV/0! 
DO (%)   DO (%)   #DIV/0! 
DO (mg/L)   DO (mg/L)   #DIV/0! 
pH   pH   #DIV/0! 
Pressure (mmHg)   Pressure (mmHg)   #DIV/0! 
Spf. Cond.(µS/cm)   Spf. Cond.(µS/cm)   #DIV/0! 
Cond. (µS)   Cond. (µS)   #DIV/0! 
      TDS #DIV/0! 
Survey Questions: 
1. Do you have well water and where is your well located? 
  
2. What type of well is it? (e.g. artesian, rotary, cable tool)? 
  
3. Do you know how deep the well is? Have you noticed any change in your well depth? 
  
4. Have you noticed any change in water quality (taste, smell, color)? If so, when? 
  
5. Have you noticed any change in the water flow or quantity? If so, when? 
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DEISEROTH 1 Vertical 6/18/2005 Plugged 
Plugged as of 
Nov 2015* 
10 




DEISEROTH 2 Vertical 12/9/2005 Plugged 
Plugged as of 
Nov 2015* 
5 










GULLA UNIT 5H Horizontal 2/20/2006 Plugged --- - 
CHRISTMAN UNIT 
2 























MOLNAR UNIT 1 Vertical 8/31/2006 Plugged 
















OHIO VALLEY LBC 
UNIT 3 




OHIO VALLEY LBC 
UNIT 1 




OHIO VALLEY LBC 
UNIT 2A 




OHIO VALLEY LBC 
UNIT 4 




OHIO VALLEY LBC 
UNIT 6 





THOMAS UNIT 1A 























THOMAS UNIT 2 
Vertical 2/16/2007 Plugged 
Plugged as of 
Jun 2012* 
5 
CARTER UNIT 4 Vertical 2/21/2007 Plugged --- - 
HERMAN P UNIT 1 Vertical 3/5/2007 Plugged --- - 











HERMAN P UNIT 2 Vertical 3/16/2007 Plugged --- - 
MILLER EDWIN 2 Vertical 3/28/2007 Plugged 
Plugged as of 
Nov 2015* 
5 
ORTON 1 Vertical 4/12/2007 Plugged 
Temporarily 





Vertical 4/24/2007 Plugged --- - 
ORTON 2 Vertical 4/30/2007 Plugged 
Plugged as of 
Jan 2015* 
8 




ORTON 6 Vertical 5/12/2007 Plugged 
Temporarily 




COUNTY PARK 5 
Vertical 5/24/2007 Plugged --- - 
CHRISTMAN UNIT 
8 






Vertical 7/9/2007 Plugged 
Plugged as of 
Jan 2015* 
8 
CARNS UNIT 2 Vertical 7/9/2007 Plugged 




THOMAS UNIT 5 
Vertical 7/21/2007 Plugged 
Temporarily 
shut-in as of Dec 
2014* 
7 






Vertical 8/20/2007 Plugged 
Temporarily 
shut-in as of Oct 
2015* 
8 
PEACOCK 2 Vertical 8/21/2007 Plugged 
Plugged as of 
Nov 2015* 
8 
PEACOCK 3 Vertical 9/1/2007 Plugged 
Temporarily 
shut-in as of Dec 
2014* 
7 
HERMAN P UNIT 3 Vertical 9/11/2007 Plugged 













COWDEN 46 Vertical 9/21/2008 Reg. Inactive 
Temporarily not 
producing as of 
Nov 2015* 
7 
COWDEN 51 Vertical 10/15/2008 Reg. Inactive 
Temporarily not 
producing as of 
Nov 2015* 
7 
COWDEN 53 Vertical 10/26/2008 Reg. Inactive 
Temporarily not 
producing as of 
Nov 2015* 
7 











COWDEN 50 Vertical 11/7/2008 Reg. Inactive 
Temporarily not 
producing as of 
Dec 2015* 
7 
COWDEN 15 Vertical 11/20/2008 Reg. Inactive 
Temporarily not 
producing as of 
Dec 2015* 
7 
COWDEN 11 Horizontal 12/8/2008 Reg. Inactive 
Temporarily not 
producing as of 
Dec 2015* 
7 
COWDEN 48H Horizontal 12/8/2008 Reg. Inactive 
Temporarily not 









COWDEN 9H Horizontal 12/20/2008 Plugged 
Plugged as of 
Dec 2010* 
2 
COWDEN 12H Horizontal 12/29/2008 Reg. Inactive 
Temporarily not 
producing as of 
Dec 2015* 
7 
BAKER R&M 1A Vertical 12/31/2008 Plugged 
Plugged as of 
Aug 2015* 
7 
COWDEN 14 Horizontal 1/5/2009 Abandoned 
Temporarily not 
producing as of 
Dec 2015* 
6 
COWDEN 17H Horizontal 1/20/2009 Abandoned 
Temporarily not 
producing as of 
Dec 2015* 
6 
LBROS UNIT 4H Horizontal 6/13/2009 Reg. Inactive 
Found hole in 
casing 2011 
2 










Horizontal 12/14/2009 Plugged --- - 
SIERZEGA UNIT 
13H 
Horizontal 1/8/2010 Plugged --- - 
SIERZEGA UNIT 
14H 




HILL UNIT 1H Horizontal 1/22/2010 Plugged --- - 
WEST ELEANOR 
UNIT 4H 




HULK 1V Vertical 8/13/2010 Reg. Inactive 
Drilling not 
completed as of 
Jun 2014* 
0 

























Horizontal 3/22/2011 Plugged --- - 
BLACK WILLIAM 
UNIT 10H 
Horizontal 3/22/2011 Plugged --- - 
MCWREATH UNIT 
8H 
Horizontal 12/20/2011 Reg. Inactive 
Temporarily 





Horizontal 12/23/2011 Reg. Inactive 
Temporarily 





CLUB B UNIT 7H 
Horizontal 10/2/2012 Reg. Inactive 
Temporarily 
shut-in as of Jun 
2014* 
2 









Appendix F: Violation Descriptions Per Well and Well Pad  





VIOLATION CODE TOTAL 
A&D FERGUSON DEV 
UNIT 1H OG WELL 
A&D FERGUSON DEV 
UNIT 1H 
102.11 - Failure to design, implement or maintain BMPs to minimize the 
potential for accelerated erosion and sedimentation. 
2 
ALEX PARIS 1-6H WELL 
SITE ESCGP-EXPEDITED 
PARIS ALEX UNIT 2H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
ALEXANDER UNIT 2 OG 
WELL 
ALEXANDER UNIT 2 301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
ALOE FAMILY UNIT 3H 
OG WELL 
ALOE FAMILY UNIT 
3H 




2H OG WELL 
BEDILLION-DAY 
UNIT 2H 
205B - Drilling w/in 100 ft of surface water or wetland w/o variance 2 




301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 




78.66BRINE - Failure to report a reportable release of brine to DEP within 2 
hours. 
1 
BLACK WILLIAM UNIT 
1H OG WELL 
BLACK WILLIAM 
UNIT 1H 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
BROWNLEE 2H OG WELL BROWNLEE 1H 102.11 - Failure to design, implement or maintain BMPs to minimize the 
potential for accelerated erosion and sedimentation. 
1 
102.4HQBMP - Failure to implement Special Protection BMPs for HQ or EV 
stream. 
1 
105.11 - Water obstruction or encroachment constructed, operated, maintained, 
modified, enlarged or abandoned without a 105 permit. 
1 
78.53* - Failure to implement and maintain BMPs in accordance with Chapter 
102. 
1 
78.56PITCNST - Impoundment not structurally sound, impermeable, 3rd party 











VIOLATION CODE TOTAL 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
1 
CARTER 2 OG WELL CARTER 2 91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
2 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
4 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
4 
CHAPPEL UNIT 3H OG 
WELL 
CHAPPEL UNIT 1H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
78.62(c) - DISPOSAL OF RESIDUAL WASTE - PITS - Owner or operator 
disposed of residual waste at the well site without Department approval for use 
of solidifiers or the owner or operator used other alternate practices for the 
disposal of residual waste, including contaminated drill cuttings, without DEP 
approval. 
1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
CHRISTMAN UNIT 2 OG 
WELL 
CHRISTMAN UNIT 2 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
CHRISTMAN UNIT 4 OG 
WELL 
CHRISTMAN UNIT 4 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
3 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
CNX GAS COMPANY 
WFN1FHS OG WELL 
CNX GAS COMPANY 
WFN1FHS 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 
CNX GAS COMPANY 
WFN1GHS 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 
CNX GAS COMPANY 
WFN1HHS 
212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 
CNX GAS COMPANY 
WFN1BHS 
212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 












VIOLATION CODE TOTAL 
CNX GAS COMPANY 
WFN1CHS 
212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 
CNX GAS COMPANY 
WFN1DHS 
212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 
CNX GAS COMPANY 
WFN1JHS 
212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 
COOPER CHARLES 4 OG 
WELL 
COOPER CHARLES 4 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
COWDEN 11 OG WELL COWDEN 15 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
2 
COWDEN 14 OG WELL COWDEN 14 601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
3 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
206D - Failure to restore site w/in 9 months of plugging well 2 
COWDEN 17H OG WELL COWDEN 17H 601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
1 
78.56FRBRD - Failure to maintain 2' freeboard in an impoundment 2 
91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
2 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
1 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
2 
91.34A - Failure to take all necessary measures to prevent spill. Inadequate 











VIOLATION CODE TOTAL 
91.35IMPOUND - Adequate impoundment freeboard was not maintained. 2 
COWDEN 40 OG WELL COWDEN 40 206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
2 
COWDEN 46 OG WELL COWDEN 46 402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
1 
COWDEN 47 OG WELL COWDEN 47H 401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
COWDEN 75 206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
2 
COWDEN 48 OG WELL COWDEN 48 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
2 
COWDEN 76 102.22 - Failure to achieve permanent stabilization of earth disturbance activity. 2 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
2 
COWDEN 48H 402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
2 
91.34A - Failure to take all necessary measures to prevent spill. Inadequate 
diking, potential pollution 
2 
COWDEN 51 OG WELL COWDEN 51 205B - Drilling w/in 100 ft of surface water or wetland w/o variance 2 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
COWDEN 53 OG WELL COWDEN 53 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
COWDEN 9H OG WELL COWDEN 10H 78.55 - No Control and Disposal/PPC plan or failure to implement PPC plan 2 
78.56FRBRD - Failure to maintain 2' freeboard in an impoundment 2 
CP #1H WELL ESCGP-
EXPEDITED 
CP 1H 102.11 - Failure to design, implement or maintain BMPs to minimize the 
potential for accelerated erosion and sedimentation. 
1 
102.22 - Failure to achieve permanent stabilization of earth disturbance activity. 1 
105.44 - Failure to implement work according to specifications in 105 Permit. 1 
78.53* - Failure to implement and maintain BMPs in accordance with Chapter 
102. 
1 
78.54* - Failure to properly control or dispose of industrial or residual waste to 











VIOLATION CODE TOTAL 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
CROSS CREEK 35-39H 
WELL SITE ESCGP-1 
EXPEDITED 
CROSS CREEK 
COUNTY PARK 48H 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
CROSS CREEK CNTY 
PARK 7H, 9H-A, & 25H 
OG WELL PAD 
CROSS CREEK CNTY 
PARK 9H-A 
402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
1 
CROSS CREEK COUNTY 
PARK 14H OG WELL 
CROSS CREEK 
COUNTY PARK 14H 
91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
2 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
DAY UNIT 1H OG WELL DAY UNIT 8H 301 - Failure of storage operator to maintain and/or submit required 
information, such as maps, well records, integrity testing information, pressure 
data 
2 
601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
2 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
DONAHOO UNIT 8H OG 
WELL 
DONAHOO UNIT 10H 402CSL - Failure to adopt pollution prevention measures required or prescribed 
by DEP by handling materials that create a danger of pollution. 
1 
ECKERD 1 OG WELL ECKERD 1 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
EQT PRODUCTION KOCI 
GAS WELL ESCGP-
EXPEDITED 
KOCI 590501 78.81(a)2 - CASING AND CEMENTING - GENERAL PROVISIONS - 
Operator conducted casing and cementing activities that failed to prevent 
migration of gas or other fluids into sources of fresh groundwater. 
1 
78.81(b) - CASING AND CEMENTING - GENERAL PROVISIONS - The 
operator failed to drill through fresh groundwater zones with diligence and as 
efficiently as practical to minimize drilling disturbance and commingling of 
groundwaters. 
1 
78.83(g) - CASING AND CEMENTING - SURFACE AND COAL 
PROTECTIVE CASING AND CEMENTING PROCEEDURES - Operator 
failed to set and cement a coal protective string of casing thru workable coal 
seams.  Failure to install base of coal protective casing at least 30 feet below 
lowest workable coal seam and install at least two centralizers , one within 50 











VIOLATION CODE TOTAL 
78.83(h) - CASING AND CEMENTING - SURFACE AND COAL 
PROTECTIVE CASING AND CEMENTING PROCEEDURES - For wells 
drilled thru a coal seam(s) where the coal has been removed or when drilled 
thru a coal pillar, the operator failed to follow requirements for drilling depth, 
casing and cementing procedures so that each coal seam is protected. 
1 
FARABEE MATTHEW 
UNIT 1H OG WELL 
FARABEE MATTHEW 
UNIT 2H 











FOWLER 1H 102.11(a)1 - GENERAL REQUIREMENTS – BMP AND DESIGN 
STANDARDS - Person failed to design, implement and maintain E & S BMPs 
to minimize the potential for accelerated erosion and sedimentation to protect, 
maintain, reclaim and restore water quality and existing and designated uses. 
1 
102.4(b)1 - EROSION AND SEDIMENT CONTROL REQUIREMENTS - 
Person conducting earth disturbance activity failed to implement and maintain 
E & S BMPs to minimize the potential for accelerated erosion and 
sedimentation. 
2 
102.5(m)4 - PERMIT REQUIREMENTS – GENERAL PERMITS – Person 
failed to comply with the terms and conditions of the E & S Control General 
Permit. 
1 
78.53 - EROSION AND SEDIMENT CONTROL - Operator failed to design, 
implement and maintain best management practices and an erosion and 
sediment control plan in accordance with 25 Pa. Code Chapter 102, during and 
after earthmoving or soil disturbing activities, including the activities related to 
siting, drilling, completing, producing, servicing and plugging, constructing, 
utilizing and restoring the site and access road. 
1 
FRANKLIN LAKEVIEW 




































OGA 3222(B) - Failure to submit well record / completion report. 1 
GALLAGHER GAS WELL 
ESCGP-EXPEDITED 
GALLAGHER 592059 78.54 - GENERAL REQUIREMENTS - Operator failed to control and dispose 
of fluids, residual waste and drill cuttings, including tophole water, brines, 
drilling fluids, drilling muds, stimulation fluids, well servicing fluids, oil, and 
production fluids in a manner that prevents pollution of the waters of the 
Commonwealth. 
1 
CSL 307(a) - INDUSTRIAL WASTE DISCHARGES - Industrial waste 
discharged, directly or indirectly, into Waters of the Commonwealth, without a 
permit, authorization, or contrary to rules and regulations of the Department. 
1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
GODWIN UIT 1H OG 
WELL 
GODWIN UNIT 1H 102.4INADPLN - E&S Plan not adequate 3 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
3 
105NOPERMIT - Encroachment without Permit or Waiver 3 
GREEN DOROTHY UNIT 
1H OG WELL 
GREEN DOROTHY 
UNIT 1H 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
GULLA UNIT 1 OG WELL GULLA UNIT 1 601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
1 
78.64 - Inadequate containment of oil tank 1 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
1 
GULLA UNIT 10H OG 
WELL 
GULLA UNIT 10H 78.54 - GENERAL REQUIREMENTS - Operator failed to control and dispose 
of fluids, residual waste and drill cuttings, including tophole water, brines, 
drilling fluids, drilling muds, stimulation fluids, well servicing fluids, oil, and 
production fluids in a manner that prevents pollution of the waters of the 
Commonwealth. 
1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
GULLA UNIT 3 OG WELL GULLA UNIT 3 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 












VIOLATION CODE TOTAL 
105IMP - Failure to implement Encroachment Plan 1 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
2 
GULLA UNIT 6 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
1 
105IMP - Failure to implement Encroachment Plan 1 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
2 
GULLA UNIT 5 OG WELL GULLA UNIT 5H 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
2 
GUY AVOLIO PAD 
ESCGP-EXPEDITED 
GUY AVOLIO 6H 601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
2 
HAMBLETON UNIT 5H 
OG WELL 
HAMBLETON UNIT 1H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
HAMBLETON UNIT 5H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
HAMMEL UNIT 2 OG 
WELL 
HAMMEL UNIT 2 102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
1 
HERMAN P UNIT 2 OG 
WELL 
HERMAN P UNIT 2 78.86* - Failure to report defective, insufficient, or improperly cemented casing 
w/in 24 hrs or submit plan to correct w/in 30 days 
2 
207B - Failure to case and cement to prevent migrations into fresh groundwater 1 
HERMAN P UNIT 3 OG 
WELL 
HERMAN P UNIT 3 78.73A - Operator shall prevent gas and other fluids from lower formations 
from entering fresh groundwater. 
1 
78.74* - Hazardous well venting 1 
HILL UNIT 1H OG WELL HILL UNIT 2H 601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
4 
78.56PITCNST - Impoundment not structurally sound, impermeable, 3rd party 
protected, greater than 20" of seasonal high ground water table 
1 
78.60B - Tophole water discharged improperly 2 












VIOLATION CODE TOTAL 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
2 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
401 CSL - Discharge of pollultional material to waters of Commonwealth. 1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
HUFFYS FAMILY UNIT 
1H OG WELL 
HUFFY'S FAMILY 
UNIT 7H 
78.62(c) - DISPOSAL OF RESIDUAL WASTE - PITS - Owner or operator 
disposed of residual waste at the well site without Department approval for use 
of solidifiers or the owner or operator used other alternate practices for the 
disposal of residual waste, including contaminated drill cuttings, without DEP 
approval. 
1 
HULK WELL PAD ESCGP-
EXPEDITAED 
HULK 1V 102.11 - Failure to design, implement or maintain BMPs to minimize the 
potential for accelerated erosion and sedimentation. 
8 
102.4NOPLAN - No E&S plan developed, plan not on site 3 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
1 
HULK 2H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
HULK 1H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
HULK 4H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
HULK 6H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
HULK 8H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
HUNTINGTON FARM 
UNIT 1H OG WELL 
HUNTINGTON FARM 
UNIT 1H 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 1 
IMPERIAL LAND 6H OG 
WELL 
IMPERIAL LAND UNIT 
17H 












VIOLATION CODE TOTAL 
JOHNSTON CHARLES 
UNIT 12H OG WELL  
JOHNSTON CHARLES 
UNIT 8H 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 




UNIT 10H  
78.57 - Failure to post pit approval number 2 
6018.301 - Residual Waste is mismanaged. 2 
JOHNSTON CHARLES 
UNIT 5H OG WELL 
DURKACS UNIT 5H 402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
1 
JOSEPH POWERS PAD#A 
AND FRAC POND ESCGP-
EXPEDITED 
JOSEPH POWERS 1H 509 - Failure to comply w/ order, CO&A, hindrance to personnel, 
misrepresentation under OGA 
1 
78.56(1) - Pit and tanks not constructed with sufficient capacity to contain 
pollutional substances. 
1 
78.57 - Failure to post pit approval number 1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
JOSEPH POWERS 5H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
KEARNS UNIT 1H OG 
WELL 
KEARNS UNIT 1H 91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
2 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
KEARNS UNIT 5H 91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
1 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 1 
KENNEDY UNIT 1H OG 
WELL 
KENNEDY UNIT 1H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
KENNEDY UNIT 3H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
KRAJACIC UNIT 3H OG 
WELL 
KRAJACIC UNIT 3H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
LATKANICH UNIT 2H OG 
WELL 
LATKANICH UNIT 1H 78.60B - Tophole water discharged improperly 1 
401CSL - Discharge of pollultional material to waters of Commonwealth. 1 
LEHMAN UNIT OG WELL 
PAD 












VIOLATION CODE TOTAL 
LINDLEY JOHN UNIT 4H 
OG WELL 
LINDLEY JOHN UNIT 
4H 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
LOWRY WILLIAM UNIT 
3H OG WELL 
LOWRY WILLIAM 
UNIT 3H 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
402POTNLPOLL - There is a potential for polluting substance(s) reaching 
Waters of the Commonwealth and may require a permit. 
2 
MACADOO UNIT 1H OG 
WELL 
MCADOO UNIT 1H 6018.301 - Residual Waste is mismanaged. 1 
78.54* - Failure to properly control or dispose of industrial or residual waste to 







SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
MCPEAK UNIT 3H OG 
WELL 
MCPEAK UNIT 3H 
78.56LINER - Improperly lined pit 1 
MELE UNIT 1H OG WELL MELE UNIT 3H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
MENICHI UNIT 2H OG 
WELL 
MENICHI UNIT 2H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
MIDLER/FROEBE B UNIT 
6H OG WELL 
MIDLER/FROEBE B 
UNIT 5H 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
MILLER JOHN UNIT 1H 
OG WELL 
MILLER JOHN UNIT 
1H 
78.62(c) - DISPOSAL OF RESIDUAL WASTE - PITS - Owner or operator 
disposed of residual waste at the well site without Department approval for use 
of solidifiers or the owner or operator used other alternate practices for the 
disposal of residual waste, including contaminated drill cuttings, without DEP 
approval. 
1 
MILLER JOHN UNIT 
3H 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 1 
6018.301 - Residual Waste is mismanaged. 1 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
MILLER LOIS UNIT 1H 
OG WELL 
MILLER LOIS UNIT 1H 
6018.301 - Residual Waste is mismanaged. 2 
MOJO WELL PAD ESCGP-
EXPEDITED 
MOJO IV 212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
212WELLRCD - Failure to submit well record within 30 days of completion of 
drilling 
1 










VIOLATION CODE TOTAL 
NV30HS WELL SITE 
ESCGP-EXPEDITED 
CONRHEIN NV30DPHS 212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
NV31HS WELL SITE 
ESCGP-EXPEDITED 
CONRHEIN NV31AHS 402CSL - Failure to adopt pollution prevention measures required or prescribed 
by DEP by handling materials that create a danger of pollution. 
1 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
CONRHEIN NV31DHS 301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
NV39HS WELL SITE 
ESCGP-EXPEDITED 
CONSOL NV39BHS 401CSL - Discharge of pollultional material to waters of Commonwealth. 3 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
NV41HS WELL SITE 
ESCGP-EXPEDITED 
CONRHEIN NV41FPHS 
78.83GRNDWTR - Improper casing to protect fresh groundwater 2 
NV42HS WELL SITE 
ESCGP-EXPEDITED 
CONSOL NV42CHS 102.11 - Failure to design, implement or maintain BMPs to minimize the 
potential for accelerated erosion and sedimentation. 
1 
102.4NOPLAN - No E&S plan developed, plan not on site 3 
CONSOL NV42DHS SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
NV55HS WELL SITE 
ESCGP-EXPEDITED 
CRUM NV55AHS 78.73A - Operator shall prevent gas and other fluids from lower formations 
from entering fresh groundwater. 
1 
OHIO VALLEY LBC UNIT 
8H OG WELL 
OHIO VALLEY LBC 
UNIT 8H 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
ORTON 6 OG WELL ORTON 6 401 CSL - Discharge of pollultional material to waters of Commonwealth. 2 
PAINTER UNIT 1H OG 
WELL 
PAINTER UNIT 4H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
1 
PAXTON ISAAC UNIT OG 
WELL PADS 
PAXTON ISAAC UNIT 
5H-A 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, maintain 
E&S controls. Failure to stabilize site until total site restoration under OGA Sec 
206(c)(d) 
3 
PINE OAKS 627027 8H OG 
WELL 
PINE OAKS 6H 301 - Failure of storage operator to maintain and/or submit required 
information, such as maps, well records, integrity testing information, pressure 
data 
2 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
POLLOCK WELL SITE 
ESCGP-2 EXPEDITED 
POLLOCK 3H 










VIOLATION CODE TOTAL 
RENZ 2 OG WELL RENZ 2 212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
1 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
1 
ROBINHILL 15 OG WELL ROBINHILL 15H  301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 1 
401CSL - Discharge of pollultional material to waters of Commonwealth. 1 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
ROBINHILL 17 OG WELL ROBINHILL 17 206D - Failure to restore site w/in 9 months of plugging well 2 
SARGENT MCLS WELL 
SITE ESCGP-EXPEDITED 
SARGENT UNIT 15H 78.86 - CASING AND CEMENTING - DEFECTIVE CASING OR 
CEMENTING - Operator failed to report defect in a well that has defective, 
insufficient or improperly cemented casing to the Department within 24 hours 
of discovery.  Operator failed to correct defect or failed to submit a plan to 
correct the defect for approval by the Department within 30 days. 
1 
SIERZEGA UNIT 2H OG 
WELL 
SIERZEGA UNIT 2H 301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
8 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
8 
STEN UNIT 6H OG WELL STEN UNIT 7H SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
1 
STEWART NANCY UNIT 
6 OG WELL 
STEWART NANCY 
UNIT 6 
6018.302A - Unlawful Management of RSW 2 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWAGLER WELL PAD 
ESCGP-EXPEDITED 









78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
78.62(c) - DISPOSAL OF RESIDUAL WASTE - PITS - Owner or operator 
disposed of residual waste at the well site without Department approval for use 
of solidifiers or the owner or operator used other alternate practices for the 
disposal of residual waste, including contaminated drill cuttings, without DEP 
approval. 
1 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
VARNER UNIT 9H OG 
WELL 
VARNER UNIT 4H 78.54* - Failure to properly control or dispose of industrial or residual waste to 











VIOLATION CODE TOTAL 
WEIMER LILLIAN UNIT 
1H OG WELL 
WEIMER LILLIAN 
UNIT 1H 
6018.301 - Operator has mismanagement Residual Waste. 2 
WEST ELEANOR UNIT 3H 
OG WELL 
WEST ELEANOR UNIT 
1H 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
X-MAN PAD EXPANSION 
ESCGP-EXPEDITED 
X-MAN 1 91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
2 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 2 
X-MAN 1H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
X-MAN 5H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
X-MAN 7H 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
2 
X-MAN G5 78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use in 
an investigation, enforcement proceedings or for statistical purposes. 
1 
YEAGER UNIT OG WELL 
PAD 
YEAGER UNIT 7H 601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
2 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or silt 1 
78.54* - Failure to properly control or dispose of industrial or residual waste to 
prevent pollution of the waters of the Commonwealth. 
2 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
2 
YEAGER UNIT 1H 402CSL - Failure to adopt pollution prevention measures required or prescribed 
by DEP by handling materials that create a danger of pollution. 
1 
91.34A - Failure to take all necessary measures to prevent spill. Inadequate 
diking, potential pollution 
1 
ZAPPI PETE UNIT 2H OG 
WELL 
ZAPPI PETE UNIT 1H 78.54* - Failure to properly control or dispose of industrial or residual waste to 
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Appendix G: Number of Environmental Health and Safety Violations and Administrative 
Violations resulting from unconventional well and well pad PADEP inspections 
 
 






% of EHS 
Violations 
78.54 - GENERAL REQUIREMENTS - Operator failed to control and 
dispose of fluids, residual waste and drill cuttings, including tophole water, 
brines, drilling fluids, drilling muds, stimulation fluids, well servicing 
fluids, oil, and production fluids in a manner that prevents pollution of the 
waters of the Commonwealth. 
69 21% 
SWMA301 - Failure to properly store, transport, process or dispose of a 
residual waste. 
47 14% 
102.4 - Failure to minimize accelerated erosion, implement E&S plan, 
maintain E&S controls. Failure to stabilize site until total site restoration 
under OGA Sec 206(c)(d) 
37 11% 
301CSL - Stream discharge of IW, includes drill cuttings, oil, brine and/or 
silt 
25 7.6% 
401CSL - Discharge of pollultional material to waters of Commonwealth. 22 6.7% 
206REST - Failure to restore site w/in 9 months of completion of drilling or 
plugging 
18 5.5% 
402CSL - Failure to adopt pollution prevention measures required or 
prescribed by DEP by handling materials that create a danger of pollution. 
There is a potential for polluting substance(s) reaching Waters of the 
Commonwealth and may require a permit. 
16 4.8% 
102.11(a)1 - GENERAL REQUIREMENTS – BMP AND DESIGN 
STANDARDS - Person failed to design, implement and maintain E & S 
BMPs to minimize the potential for accelerated erosion and sedimentation 
to protect, maintain, reclaim and restore water quality and existing and 
designated uses. 
14 4.2% 
6018.301 - Operator has mismanagement Residual Waste. 8 2.4% 
102.4NOPLAN - No E&S plan developed, plan not on site 6 1.8% 
91.34A - Failure to take all necessary measures to prevent spill. Inadequate 
diking, potential pollution 
5 1.5% 
205B - Drilling w/in 100 ft of surface water or wetland w/o variance 4 1.2% 
206D - Failure to restore site w/in 9 months of plugging well 4 1.2% 
78.62(c) - DISPOSAL OF RESIDUAL WASTE - PITS - Owner or operator 
disposed of residual waste at the well site without Department approval for 
use of solidifiers or the owner or operator used other alternate practices for 
the disposal of residual waste, including contaminated drill cuttings, without 
DEP approval. 
4 1.2% 
78.56FRBRD - Failure to maintain 2' freeboard in an impoundment 4 1.2% 
102.22 - Failure to achieve permanent stabilization of earth disturbance 
activity. 
3 0.9% 
102.4INADPLN - E&S Plan not adequate 3 0.9% 
105NOPERMIT - Encroachment without Permit or Waiver 3 0.9% 






% of EHS 
Violations 
78.53 - EROSION AND SEDIMENT CONTROL - Operator failed to 
design, implement and maintain best management practices and an erosion 
and sediment control plan in accordance with 25 Pa. Code Chapter 102, 
during and after earthmoving or soil disturbing activities, including the 
activities related to siting, drilling, completing, producing, servicing and 
plugging, constructing, utilizing and restoring the site and access road. 
3 0.9% 
78.60B - Tophole water discharged improperly 3 0.9% 
78.86 - CASING AND CEMENTING - DEFECTIVE CASING OR 
CEMENTING - Operator failed to report defect in a well that has defective, 
insufficient or improperly cemented casing to the Department within 24 
hours of discovery.  Operator failed to correct defect or failed to submit a 
plan to correct the defect for approval by the Department within 30 days. 
3 0.9% 
105IMP - Failure to implement Encroachment Plan 2 0.6% 
207B - Failure to case and cement to prevent migrations into fresh 
groundwater 
2 0.6% 
6018.302A - Unlawful Management of RSW 2 0.6% 
78.56PITCNST - Impoundment not structurally sound, impermeable, 3rd 
party protected, greater than 20" of seasonal high ground water table 
2 0.6% 
78.73A - Operator shall prevent gas and other fluids from lower formations 
from entering fresh groundwater. 
2 0.6% 
78.83GRNDWTR - Improper casing to protect fresh groundwater 2 0.6% 
91.35IMPOUND - Adequate impoundment freeboard was not maintained. 2 0.6% 
102.4HQBMP - Failure to implement Special Protection BMPs for HQ or 
EV stream. 
1 0.3% 
102.5(m)4 - PERMIT REQUIREMENTS – GENERAL PERMITS – Person 
failed to comply with the terms and conditions of the E & S Control General 
Permit. 
1 0.3% 
105.11 - Water obstruction or encroachment constructed, operated, 
maintained, modified, enlarged or abandoned without a 105 permit. 
1 0.3% 
105.44 - Failure to implement work according to specifications in 105 
Permit. 
1 0.3% 
509 - Failure to comply w/ order, CO&A, hindrance to personnel, 
misrepresentation under OGA 
1 0.3% 
78.56(1) - Pit and tanks not constructed with sufficient capacity to contain 
pollutional substances. 
1 0.3% 
78.56LINER - Improperly lined pit 1 0.3% 
78.64 - Inadequate containment of oil tank 1 0.3% 
78.66BRINE - Failure to report a reportable release of brine to DEP within 
2 hours. 
1 0.3% 
78.74* - Hazardous well venting 1 0.3% 
78.81(a)2 - CASING AND CEMENTING - GENERAL PROVISIONS - 
Operator conducted casing and cementing activities that failed to prevent 
migration of gas or other fluids into sources of fresh groundwater. 
1 0.3% 
78.81(b) - CASING AND CEMENTING - GENERAL PROVISIONS - The 
operator failed to drill through fresh groundwater zones with diligence and 
1 0.3% 






% of EHS 
Violations 
as efficiently as practical to minimize drilling disturbance and commingling 
of groundwaters. 
78.83(g) - CASING AND CEMENTING - SURFACE AND COAL 
PROTECTIVE CASING AND CEMENTING PROCEEDURES - Operator 
failed to set and cement a coal protective string of casing thru workable coal 
seams.  Failure to install base of coal protective casing at least 30 feet below 
lowest workable coal seam and install at least two centralizers, one within 
50 feet of casing seat and second within 100 feet of surface. 
1 0.3% 
78.83(h) - CASING AND CEMENTING - SURFACE AND COAL 
PROTECTIVE CASING AND CEMENTING PROCEEDURES - For wells 
drilled thru a coal seam(s) where the coal has been removed or when drilled 
thru a coal pillar, the operator failed to follow requirements for drilling 
depth, casing and cementing procedures so that each coal seam is protected. 
1 0.3% 
78.83COALCSG - Improper coal protective casing and cementing 
procedures 
1 0.3% 
CSL 307(a) - INDUSTRIAL WASTE DISCHARGES - Industrial waste 
discharged, directly or indirectly, into Waters of the Commonwealth, 















601.101 - O&G Act 223-General. Used only when a specific O&G Act code 
cannot be used 
15 21% 
91.33A - Failure to notify DEP of pollution incident. No phone call made 
forthwith 
12 17% 
212WELLRCD - Failure to submit well record within 30 days of completion 
of drilling 
10 14% 
78.123(D) - WELL REPORTING – LOGS AND ADDITIONAL DATA – 
Operator failed to submit requested information described in 78.123 for use 
in an investigation, enforcement proceedings or for statistical purposes. 
10 14% 
212CMPLRPT - Failure to submit completion report within 30 days of 
completion of well 
8 11% 
OGA 3222(B) - Failure to submit well record / completion report. 6 9% 
301 - Failure of storage operator to maintain and/or submit required 
information, such as maps, well records, integrity testing information, 
pressure data 
4 6% 
78.57 - Failure to post pit approval number 3 4% 
78.55 - No Control and Disposal/PPC plan or failure to implement PPC plan 2 3% 
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Depth Quality Quantity 
Prior 
Tests 





9/12/2012 well drilled 80 24 N N Y Y Y Y 








8/10/2013 well drilled 165 50 Y N Y Y Y Y 
L17 CC3 8/10/2013 well drilled 120 37 N N N N N Y 
L18 CC4 8/10/2013 well drilled 60 18 N N N N N Y 
L19 CC5 8/10/2013 well U U U N N N N N Y 
L20 CC6 8/10/2013 well drilled 70 21 Y Y Y N Y Y 
L21 CC7 8/10/2013 well drilled 60 18 U** N N N N Y 






1/20/2014 well U U U Y Y Y N N Y 
L26 MS263 1/30/2014 well drilled 140 43 N N N N N Y 
L27 MS264 1/30/2014 well drilled 175 53 N N N N Y Y* 
L28 MS265 1/30/2014 well drilled U U N N N N Y U 
L29 MS278 3/19/2014 well drilled 150 46 N Y Y N Y Y 
L30 MS279 3/19/2014 well drilled U U N N N N N Y* 
L31 MS280 3/19/2014 well U 185 56 N Y N N Y Y 
L32 MS282 3/19/2014 well drilled 65 20 N N N Y N Y 
L33 MS283 3/19/2014 well drilled 80 24 N N N N N Y 
L35 MS285 3/19/2014 well drilled 80 24 N N N N N Y 
L36 MS287 3/19/2014 well drilled 175 53 N Y Y N N Y 
L37 MS288 3/19/2014 well drilled 100 30 N N N N N Y 
L38 MS289 3/19/2014 spring NA NA NA N N N N N Y 
L39 MS290 3/19/2014 well drilled 125 38 Y Y Y Y Y Y 
L40 MS291 3/20/2014 well drilled 160 49 N** N N N Y N 
L42 MS293 3/20/2014 well drilled U U N N N N N Y 
L43 MS294 3/20/2014 well drilled 80 24 N N N N N N 
L45 MS296 3/20/2014 well drilled 180 55 N N N N N N 
L46 MS305 5/7/2014 well drilled U U N Y N N N Y 
L47 MS306 5/7/2014 spring NA NA NA N N N N N Y 
L48 MS307 5/7/2014 well dug 50 15 N N N N N N 
L49 MS308 5/7/2014 well drilled 93 28 N N N N N Y 
L50 MS309 5/7/2014 well drilled 150 46 U** N Y Y Y Y* 
L51 MS310 5/7/2014 spring NA NA NA N N N N N Y* 
L52 MS311 5/7/2014 well drilled 180 55 U** N N N N Y 
L53 MS312 5/7/2014 spring NA NA NA U** N N N N N 
L54 MS313 5/7/2014 spring NA NA NA N N N N N Y 
L55 MS314 5/7/2014 spring NA NA NA N N N N N Y 
L56 MS315 5/7/2014 well drilled U U N N N N N Y 
L57 MS316 5/7/2014 well driven U U U** N N Y N Y 
L58 MS317 5/7/2014 well drilled 50 15 N N N N N Y* 
L59 MS362 8/27/2014 well driven 60 18 N N N N N Y 







Depth Quality Quantity 
Prior 
Tests 
     (ft) (m) Taste Smell Color Other   
L60 MS363 8/27/2014 well drilled 90 27 N N N N N Y 
L61 MS364 8/27/2014 well drilled 90 27 N N N N N Y 
L62 MS365 8/27/2014 well drilled 60 18 N N N N N Y 
L63 MS366 8/27/2014 well drilled 130 40 N Y N N N Y 
L65 MS368 8/27/2014 well drilled 100 30 N N N Y N Y 
L68 MS371 8/28/2014 spring NA NA NA N N N N N Y 
L71 MS374 8/28/2014 well drilled 75 23 N N N N N Y 
L72 MS438 1/20/2015 well drilled U U N N N N N Y* 
L73 MS439 1/20/2015 well drilled 100 30 N N N N N Y 
L74 MS440 1/21/2015 well drilled 240 73 N N N N N Y* 
L75 MS452 4/29/2015 well drilled 175 53 N N N N N Y 
L76 MS458 5/19/2015 well drilled 200 61 N N N N N Y 
L77 MS459 5/19/2015 spring NA NA NA N N Y Y N N 
L78 MS525 8/3/2015 well drilled 150 46 N N N N N Y 
L79 MS548 8/19/2015 well drilled 125 38 Y N N N N Y 
L80 MS555 9/4/2015 well drilled 125 38 N N N N N Y 
L81 MS556 9/4/2015 spring NA NA NA N** N N Y N Y 
L82 MS557 9/4/2015 spring NA NA NA N** N N Y N Y 
L85 MS589 9/29/2015 spring NA NA NA N N N N N Y 
L86 MS590 9/29/2015 spring NA NA NA N N N N N N 
NA – not applicable 
U – unknown 
*Homeowner provided results 
**Residents do not currently drink groundwater supply 
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MS047 8/30/2012 23.0 58.2 4.9 7.26 736.7 301.3 292.5 
MS048 8/30/2012 21.3 37.2 3.2 7.13 736.8 333.4 310.2 
MS049 8/30/2012 12.5 33.6 3.3 8.29 737.4 670.0 543.0 
MS059 9/12/2012 21.6 102.5 8.9 7.51 737.4 624.0 583.0 
MS060 9/12/2012 19.0 22.4 2.0 8.28 736.6 511.5 453.3 
MS061 9/12/2012 22.2 94.2 7.9 7.75 737.9 397.2 377.4 
MS062 9/12/2012 19.8 76.9 6.9 7.91 738.1 732.0 660.0 
MS063 9/12/2012 19.0 95.4 8.8 7.69 737.6 717.0 640.0 
MS076 11/2/2012 14.2 69.6 7.1 6.58 726.1 533.3 422.7 
MS077 11/2/2012 12.1 73.2 7.8 6.82 725.9 454.8 342.5 
MS078 11/2/2012 10.1 82.1 9.2 7.19 726.3 554.4 396.9 
MS079 11/2/2012 15.4 57.6 5.7 7.13 726.4 564.3 460.8 
MS084 11/2/2012 9.1 69.4 8.0 7.62 729.4 339.0 235.9 
MS110 1/9/2013 11.9 29.4 3.2 7.84 740.2 611.4 458.1 
MS147 2/7/2013 5.0 63.8 8.1 7.02 740.7 830.0 513.0 
MS148 2/7/2013 6.9 46.2 5.6 7.11 737.5 595.1 389.7 
MS149 2/7/2013 10.2 49.6 5.6 7.20 739.9 846.0 607.5 
MS150 2/7/2013 12.6 41.2 4.3 7.24 740.1 1035.0 789.0 
MS151 2/7/2013 6.6 83.8 10.2 7.10 729.0 1313.0 858.0 
CC1 8/10/2013 20.0 14.0 1.3 7.66 736.3 790.0 716.0 
CC2 8/10/2013 14.4 76.9 7.8 6.99 734.5 852.5 675.5 
CC3 8/10/2013 19.1 19.8 1.8 7.15 735.5 509.3 439.6 
CC4 8/10/2013 14.7 25.2 2.6 7.03 735.6 639.0 514.5 
CC5 8/10/2013 14.2 16.8 1.6 7.34 736.2 694.5 553.5 
CC6 8/10/2013 15.6 32.2 3.2 6.44 736.2 574.1 471.2 
CC7 8/10/2013 14.2 21.9 2.2 6.85 736.2 512.2 408.9 
CC8 8/10/2013 13.8 12.7 1.3 7.05 735.8 458.4 360.8 
MS252 1/3/2014 10.4 15.4 1.7 6.91 742.0 673.0 486.9 
MS258 1/20/2014 4.9 86.5 11.1 8.26 726.4 519.5 320.1 
MS259 1/20/2014 10.7 64.2 7.1 7.58 726.2 703.0 511.0 
MS260 1/20/2014 13.3 68.5 7.1 7.64 726.5 711.0 554.0 
MS262 1/20/2014 4.5 80.0 10.4 7.55 723.7 304.1 184.3 
MS263 1/30/2014 9.8 32.5 3.7 7.32 736.4 404.0 281.7 
MS264 1/30/2014 12.2 61.5 6.6 7.52 736.3 664.3 501.4 
MS265 1/30/2014 12.8 39.7 4.2 7.41 734.3 1717.5 1316.5 
MS266 1/30/2014 9.1 74.3 8.3 7.79 738.9 700.2 489.7 
MS267 2/6/2014 9.8 64.5 7.3 7.26 742.2 700.8 500.0 
MS278 3/19/2014 10.0 17.5 2.0 6.84 729.3 392.4 280.1 
MS279 3/19/2014 10.6 40.2 4.4 7.07 728.8 506.0 366.4 
MS280 3/19/2014 10.8 69.8 7.7 7.43 729.3 497.3 362.0 
MS281 3/19/2014 10.6 60.2 6.7 7.09 727.6 686.4 425.3 
MS282 3/19/2014 6.4 81.4 10.0 7.64 727.9 530.3 342.0 
MS283 3/19/2014 11.9 30.7 3.3 7.66 728.3 439.5 329.2 
MS284 3/19/2014 7.5 76.1 9.1 7.88 729.0 381.4 253.8 
MS285 3/19/2014 10.4 68.4 7.6 7.17 722.4 617.8 445.9 
MS286 3/19/2014 7.0 72.7 8.8 7.48 724.6 496.2 325.4 
MS287 3/19/2014 11.6 28.8 3.1 6.95 721.0 604.7 449.6 
MS288 3/19/2014 12.0 45.9 4.9 7.18 724.8 653.8 490.9 
MS289 3/19/2014 5.1 74.7 9.5 7.27 726.8 564.2 350.2 

















MS290 3/19/2014 13.6 12.2 1.3 6.67 726.8 286.1 223.7 
MS291 3/20/2014 6.3 65.5 8.1 7.18 728.9 675.3 433.7 
MS292 3/20/2014 8.7 63.1 7.4 7.14 731.0 335.2 231.1 
MS293 3/20/2014 13.0 42.9 4.5 7.07 729.3 494.3 380.6 
MS294 3/20/2014 11.4 20.4 2.2 7.59 729.2 565.9 419.0 
MS295 3/20/2014 12.0 63.8 6.9 7.16 729.5 527.1 394.7 
MS296 3/20/2014 11.8 46.8 5.0 7.43 726.1 653.4 487.6 
MS305 5/7/2014 13.4 7.5 0.8 6.06 738.1 535.2 416.6 
MS306 5/7/2014 10.8 88.2 9.7 6.77 739.1 613.8 375.9 
MS307 5/7/2014 13.3 58.4 6.1 6.92 731.9 647.5 503.5 
MS308 5/7/2014 11.8 59.4 6.4 6.94 729.3 794.0 594.5 
MS309 5/7/2014 12.5 13.5 1.4 6.71 730.7 2886.0 2196.5 
MS310 5/7/2014 13.0 48.5 5.1 6.93 732.2 767.0 591.5 
MS311 5/7/2014 16.3 71.3 7.0 7.05 733.4 433.2 360.8 
MS312 5/7/2014 12.3 90.0 9.6 7.47 737.7 437.2 332.7 
MS313 5/7/2014 13.9 27.3 2.8 7.00 737.0 529.1 417.3 
MS314 5/7/2014 12.1 29.0 3.1 6.85 734.1 626.8 473.5 
MS315 5/7/2014 14.7 43.4 4.4 6.82 734.3 714.5 574.0 
MS316 5/7/2014 14.9 15.4 1.5 7.67 735.4 992.5 802.0 
MS317 5/7/2014 14.6 25.8 2.6 6.68 734.2 595.5 477.7 
MS362 8/27/2014 17.0 17.7 1.7 7.23 737.7 573.1 486.9 
MS363 8/27/2014 17.2 44.7 4.3 6.97 737.4 683.0 584.0 
MS364 8/27/2014 18.0 59.3 5.6 6.92 736.5 980.0 850.5 
MS365 8/27/2014 20.2 35.6 3.2 7.08 737.1 575.0 523.0 
MS366 8/27/2014 22.4 8.1 0.7 6.09 738.8 402.9 384.6 
MS367 8/27/2014 24.6 70.2 5.9 7.36 740.3 486.8 483.9 
MS368 8/27/2014 18.0 81.8 8.1 7.28 739.2 483.8 420.4 
MS369 8/27/2014 11.5 98.6 10.8 7.91 738.1 463.3 344.9 
MS370 8/27/2014 20.0 73.8 6.7 7.87 739.5 518.7 472.5 
MS371 8/28/2014 19.2 43.9 4.1 7.20 735.0 541.4 481.6 
MS372 8/28/2014 18.3 59.7 5.6 7.72 737.6 676.0 690.0 
MS373 8/28/2014 18.4 68.5 6.4 7.84 737.9 673.0 589.0 
MS374 8/28/2014 17.2 14.3 1.4 8.01 734.5 602.5 514.0 
MS438 1/20/2015 10.9 25.9 2.8 6.98 731.2 446.5 325.4 
MS439 1/20/2015 9.8 39.8 4.4 8.44 734.0 1217.0 863.0 
MS440 1/21/2015 10.9 36.8 4.0 8.85 730.2 973.5 712.5 
MS452 4/29/2015 12.2 66.3 7.1 7.17 727.5 703.0 531.5 
MS458 5/19/2015 17.7 73.0 6.9 7.36 730.4 912.0 788.5 
MS459 5/19/2015 11.2 79.4 8.7 4.52 731.3 1409.0 1038.0 
MS525 8/3/2015 21.0 66.7 5.9 6.14 724.6 600.5 557.0 
MS548 8/19/2015 20.7 61.0 5.4 7.55 729.8 583.0 536.5 
MS555 9/4/2015 18.3 26.9 2.5 6.42 736.6 830.5 725.0 
MS556 9/4/2015 24.0 57.9 4.8 6.69 735.1 629.5 618.0 
MS557 9/4/2015 18.3 71.1 6.5 7.18 734.8 593.0 522.0 
MS558 9/4/2015 19.6 66.0 6.0 7.86 733.9 618.0 557.0 
MS581 9/25/2015 19.1 70.2 6.5 7.46 737.4 675.0 601.0 
MS583 9/25/2015 15.5 66.4 6.6 6.87 738.0 904.0 739.0 
MS589 9/29/2015 17.6 72.4 6.9 6.97 732.2 715.0 614.5 
MS590 9/29/2015 14.1 83.3 8.5 6.79 732.3 807.0 640.0 
MS618 10/20/2015 15.2 77.1 7.7 7.01 737.9 549.4 447.1 
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Fluoride Chloride Nitrite Bromide  Nitrate Phosphate Sulfate 
MS047 9/5/2012 0.03 2.86 bdl bdl 0.30 bdl 10.53 
MS048 9/5/2012 0.04 6.67 bdl bdl 0.31 0.35 10.98 
MS049 9/5/2012 0.30 4.50 bdl bdl 0.37 bdl 9.78 
MS059 10/19/2012 0.02 15.43 bdl bdl 0.47 0.31 42.84 
MS060 10/19/2012 0.21 12.06 bdl bdl 6.79 0.36 80.33 
MS061 10/19/2012 0.04 32.95 bdl bdl 0.28 bdl bdl 
MS062 10/19/2012 0.05 48.89 bdl bdl 0.48 0.30 53.45 
MS063 10/19/2012 0.02 27.51 bdl bdl 5.37 bdl 47.87 
MS076 11/6/2012 0.03 11.05 bdl bdl 26.28 bdl 44.19 
MS077 11/6/2012 0.02 7.84 bdl bdl 10.37 bdl 40.56 
MS078 11/6/2012 0.02 34.49 bdl bdl 6.45 bdl 52.19 
MS079 11/6/2012 0.03 22.98 bdl bdl 0.71 1.27 26.05 
MS084 11/6/2012 0.02 19.73 bdl bdl 3.09 bdl 35.27 
MS110 1/16/2013 bdl 3.89 bdl bdl 0.01 bdl 9.29 
MS147 2/8/2013 bdl 80.02 bdl bdl 2.37 bdl 4.38 
MS148 2/8/2013 bdl 1.17 bdl bdl 0.65 bdl 43.78 
MS149 2/8/2013 bdl 32.82 bdl bdl 6.32 bdl 32.97 
MS150 2/8/2013 bdl 60.47 bdl bdl 0.37 bdl 13.62 
MS151 2/8/2013 bdl 140.54 bdl bdl 3.80 bdl 34.96 
CC1 8/12/2013 0.41 45.95 bdl bdl 2.45 bdl 21.52 
CC2 8/12/2013 0.06 77.83 bdl bdl 4.10 bdl 62.24 
CC3 8/12/2013 0.11 23.79 bdl bdl 4.64 bdl 27.46 
CC4 8/12/2013 0.12 20.01 bdl bdl 5.40 bdl 50.89 
CC5 8/12/2013 0.22 43.18 bdl bdl 3.76 bdl 37.18 
CC6 8/12/2013 0.06 87.37 bdl bdl 8.55 bdl 44.11 
CC7 8/12/2013 0.07 25.24 bdl bdl 1.35 bdl 49.59 
CC8 8/12/2013 0.06 4.43 bdl bdl 4.95 bdl 56.06 
MS252 1/10/2014 bdl 32.37 bdl bdl 0.54 bdl 17.00 
MS258 1/22/2014 bdl 17.70 bdl bdl 5.50 bdl 37.90 
MS259 1/22/2014 bdl 7.20 bdl bdl 7.50 bdl 74.80 
MS260 1/22/2014 bdl 7.30 bdl bdl 7.10 bdl 71.60 
MS262 1/22/2014 bdl 0.93 bdl bdl 0.60 bdl 23.60 
MS263 2/5/2014 bdl 3.12 bdl bdl 5.30 bdl 30.39 
MS264 2/5/2014 bdl 19.05 bdl bdl 2.89 bdl 20.77 
MS265 2/5/2014 bdl 255.53 bdl bdl 11.12 bdl 52.06 
MS266 2/5/2014 bdl 6.26 bdl bdl 6.54 bdl 63.62 
MS267 2/10/2014 bdl 5.68 bdl bdl 6.87 bdl 60.74 
MS278 3/21/2014 bdl 5.22 bdl bdl 0.15 bdl 30.01 
MS279 3/21/2014 bdl 4.16 bdl bdl 13.01 bdl 50.90 
MS280 3/21/2014 bdl 13.80 bdl bdl 7.00 bdl 42.20 
MS281 3/21/2014 bdl 30.71 bdl bdl 6.52 bdl 44.75 
MS282 3/21/2014 bdl 16.91 bdl bdl 9.51 bdl 19.30 
MS283 3/21/2014 bdl 8.95 bdl bdl 1.77 bdl 28.19 
MS284 3/21/2014 bdl 3.58 bdl bdl 3.75 bdl 34.43 
MS285 3/21/2014 bdl 2.27 bdl bdl 7.55 bdl 40.18 
MS286 3/21/2014 bdl 27.19 bdl bdl 0.91 bdl 25.32 
MS287 3/21/2014 bdl 2.40 bdl bdl 0.53 bdl 100.64 
MS288 3/21/2014 bdl 60.56 bdl bdl bdl bdl 26.90 
MS289 3/21/2014 bdl 2.32 bdl bdl 5.41 bdl 34.02 





Fluoride Chloride Nitrite Bromide  Nitrate Phosphate Sulfate 
MS290 3/21/2014 bdl 1.74 bdl bdl 0.37 bdl 41.91 
MS291 3/21/2014 bdl 3.13 bdl bdl 19.27 bdl 127.85 
MS292 3/21/2014 bdl 3.97 bdl bdl 1.14 bdl 43.19 
MS293 3/21/2014 bdl 3.74 bdl bdl 13.70 bdl 50.72 
MS294 3/21/2014 bdl 7.87 bdl bdl 0.73 bdl 9.73 
MS295 3/21/2014 bdl 2.21 bdl 0.26 3.92 bdl 45.95 
MS296 3/21/2014 bdl 77.26 bdl bdl 15.21 bdl 59.59 
MS305 5/8/2014 bdl 6.59 bdl 0.03 0.77 bdl 80.15 
MS306 5/8/2014 bdl 1.45 bdl bdl 2.29 bdl 69.26 
MS307 5/8/2014 bdl 11.76 bdl bdl 21.65 bdl 76.85 
MS308 5/8/2014 bdl 33.97 bdl bdl 23.11 bdl 107.04 
MS309 5/8/2014 bdl 781.26 bdl 1.03 5.75 bdl 95.22 
MS310 5/8/2014 bdl 61.42 bdl bdl 9.16 bdl 75.96 
MS311 5/8/2014 bdl 1.43 bdl bdl 2.15 bdl 34.80 
MS312 5/8/2014 bdl 0.98 bdl bdl 4.38 bdl 63.50 
MS313 5/8/2014 bdl 2.16 bdl bdl 6.40 bdl 69.03 
MS314 5/8/2014 bdl 9.27 bdl bdl 6.52 bdl 64.58 
MS315 5/8/2014 bdl 5.00 bdl bdl 3.37 bdl 95.98 
MS316 5/8/2014 bdl 7.38 bdl bdl 1.38 bdl 0.77 
MS317 5/8/2014 bdl 5.87 bdl bdl 13.55 bdl 64.79 
MS362 8/29/2014 bdl 4.76 bdl bdl 3.20 bdl 44.40 
MS363 8/29/2014 bdl 34.68 bdl bdl 26.60 bdl 47.50 
MS364 8/29/2014 bdl 29.33 bdl bdl 17.52 bdl 86.19 
MS365 8/29/2014 0.12 11.81 bdl bdl 4.04 bdl 34.43 
MS366 8/29/2014 0.09 22.98 bdl bdl 3.51 bdl 20.55 
MS367 8/29/2014 bdl 13.96 bdl bdl 4.60 bdl 42.55 
MS368 8/29/2014 bdl 6.87 bdl bdl 9.03 bdl 18.59 
MS369 8/29/2014 bdl 8.30 bdl bdl 4.18 bdl 34.76 
MS370 8/29/2014 bdl 7.97 bdl bdl 5.31 bdl 44.67 
MS371 8/29/2014 bdl 1.07 bdl bdl 14.83 bdl 27.51 
MS372 8/29/2014 0.16 5.97 bdl bdl 3.60 bdl 47.20 
MS373 8/29/2014 0.14 6.14 bdl bdl 4.05 bdl 44.92 
MS374 8/29/2014 1.49 5.61 bdl bdl 3.34 bdl 23.81 
MS438 1/21/2015 bdl 4.99 bdl bdl 0.54 bdl 38.42 
MS439 1/21/2015 0.05 171.38 bdl 1.05 0.40 bdl 26.72 
MS440 1/22/2015 0.23 38.65 bdl 0.63 1.13 bdl 38.02 
MS452 5/1/2015 bdl 41.10 bdl bdl 18.73 bdl 37.16 
MS458 5/20/2015 bdl 9.30 bdl bdl 4.91 bdl 218.19 
MS459 5/20/2015 bdl 1.76 bdl bdl 7.38 bdl 1021.54 
MS525 8/5/2015 0.02 24.50 bdl bdl 1.34 bdl 98.98 
MS548 8/20/2015 0.05 1.83 bdl bdl 1.10 1.83 15.29 
MS555 9/8/2015 0.05 3.93 bdl bdl 0.45 bdl 135.70 
MS556 9/8/2015 0.04 22.70 bdl bdl 0.81 bdl 38.17 
MS557 9/8/2015 0.03 1.63 bdl bdl 0.33 bdl 68.72 
MS558 9/8/2015 bdl 14.20 bdl bdl 2.01 bdl 67.14 
MS581 9/25/2015 bdl 32.22 bdl bdl 5.53 bdl 47.78 
MS583 9/25/2015 bdl 135.94 bdl bdl 2.94 bdl 44.99 
MS589 9/30/2015 bdl 13.06 bdl bdl 5.50 bdl 74.93 
MS590 9/30/2015 bdl 41.99 bdl 0.07 6.81 bdl 72.01 
MS618 10/21/2015 bdl 11.40 bdl bdl 6.02 bdl 41.58 
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Li  B  Na  Mg Al  Si P  K  Ca  Ti  
MS047 9/17/2012 bdl bdl 2.40 4.70 bdl 0.60 bdl 2.10 37.50 bdl 
MS048 9/17/2012 bdl bdl 14.40 8.00 0.030 0.80 bdl 1.90 47.60 0.001 
MS049 9/17/2012 0.009 bdl 120.70 3.40 bdl 6.10 0.02 0.60 21.20 0.001 
MS059 9/18/2012 0.002 bdl 4.80 8.20 bdl 7.70 bdl 2.10 102.80 bdl 
MS060 9/18/2012 0.008 bdl 23.90 5.50 bdl 7.50 0.10 10.00 65.60 bdl 
MS061 9/18/2012 0.001 bdl 8.50 9.40 bdl 6.20 bdl 2.00 53.00 bdl 
MS062 9/18/2012 0.004 bdl 20.70 11.20 bdl 9.20 bdl 2.30 100.10 0.001 
MS063 9/18/2012 0.003 bdl 9.70 10.10 bdl 9.00 bdl 0.60 106.90 0.001 
MS076 11/27/2012 0.003 0.019 5.89 9.73 bdl 7.63 bdl bdl 100.51 0.001 
MS077 11/27/2012 <0.001 0.009 4.05 6.58 bdl 4.63 bdl bdl 93.11 0.001 
MS078 11/27/2012 0.002 0.002 16.24 9.73 bdl 5.12 bdl 1.18 97.60 bdl 
MS079 11/27/2012 0.007 0.030 12.29 12.89 bdl 12.27 bdl 0.35 102.57 0.001 
MS084 11/27/2012 <0.001 0.016 11.83 8.60 bdl 3.17 bdl 3.06 53.89 bdl 
MS110 1/30/2013 0.012 0.184 123.16 6.24 bdl 6.11 <0.01 1.45 21.14 0.001 
MS147 2/18/2013 0.019 0.050 18.49 27.40 0.005 8.28 0.01 2.64 99.36 0.001 
MS148 2/18/2013 0.007 0.018 6.60 11.71 0.006 7.01 0.04 1.56 108.03 0.001 
MS149 2/18/2013 0.026 0.533 57.17 26.68 0.008 5.76 0.01 2.94 89.22 0.001 
MS150 2/18/2013 0.032 0.098 79.28 24.92 0.014 6.22 <0.01 3.29 99.72 0.001 
MS151 2/18/2013 0.007 0.019 70.37 20.04 0.010 6.05 0.01 1.86 164.34 0.001 
CC1 8/21/2013 0.023 0.221 153.90 3.25 bdl 5.08 0.04 0.88 11.90 bdl 
CC2 8/21/2013 0.009 0.006 19.40 15.66 bdl 4.99 bdl 0.94 110.62 bdl 
CC3 8/21/2013 0.017 0.066 31.12 16.20 bdl 5.60 bdl 1.91 63.96 bdl 
CC4 8/21/2013 0.012 0.015 16.05 13.36 bdl 4.03 bdl 1.09 87.76 bdl 
CC5 8/21/2013 0.019 0.108 63.30 13.90 bdl 6.51 bdl 1.46 48.90 bdl 
CC6 8/21/2013 0.005 0.009 28.88 9.90 bdl 4.78 bdl 1.11 53.10 bdl 
CC7 8/21/2013 0.015 bdl 8.80 9.38 bdl 4.58 bdl 0.93 68.07 bdl 
CC8 8/21/2013 0.009 bdl 3.98 7.68 bdl 3.60 bdl 0.69 70.71 bdl 
MS252 1/16/2014 0.022 0.263 115.75 5.26 0.041 5.64 0.10 0.83 16.77 0.002 
MS258 1/30/2014 0.006 0.031 17.31 16.89 0.056 2.99 bdl 1.61 58.83 0.001 
MS259 1/30/2014 0.011 0.052 26.02 26.80 0.014 4.23 bdl 1.53 80.49 0.001 
MS260 1/30/2014 0.011 0.053 25.90 26.46 0.010 4.20 bdl 1.61 75.75 0.001 
MS262 1/30/2014 0.001 0.022 3.57 10.87 0.149 6.36 0.38 2.30 49.16 0.004 
MS263 2/13/2014 0.016 0.065 12.71 19.66 0.013 6.01 0.02 1.40 43.91 0.001 
MS264 2/13/2014 0.016 0.092 24.81 30.57 0.023 5.25 0.03 1.61 74.34 0.001 
MS265 2/13/2014 0.021 0.058 114.60 52.19 0.020 5.69 0.04 2.99 140.95 0.002 
MS266 2/13/2014 0.011 0.061 27.93 28.72 0.020 4.76 0.03 1.72 84.84 0.001 
MS267 2/13/2014 0.011 0.059 27.70 29.24 0.014 4.84 0.02 1.69 87.11 0.001 
MS278 3/24/2014 0.008 0.180 21.26 8.09 0.003 4.49 0.07 0.68 33.12 0.002 
MS279 3/24/2014 0.015 0.132 9.05 10.96 0.002 4.14 0.07 0.76 55.72 0.002 
MS280 3/24/2014 0.011 0.272 33.49 9.62 0.004 3.62 0.10 0.66 36.11 0.002 
MS281 3/24/2014 0.005 0.068 7.43 8.38 0.011 3.69 0.09 0.60 70.78 0.002 
MS282 3/24/2014 0.006 0.103 8.12 8.34 0.019 4.24 0.07 1.21 65.37 0.003 
MS283 3/24/2014 0.014 0.415 21.11 17.84 0.005 3.94 0.08 1.06 28.93 0.002 
MS284 3/24/2014 0.007 0.162 13.61 9.70 0.006 3.71 0.09 0.56 35.89 0.002 
MS285 3/24/2014 0.001 0.045 139.03 0.26 0.020 3.73 0.10 0.13 5.21 0.002 
MS286 3/24/2014 0.006 0.112 11.34 9.28 0.011 6.00 0.44 0.74 51.76 0.005 
MS287 3/24/2014 0.014 0.068 4.63 5.57 0.001 3.81 0.11 0.60 81.34 0.001 
MS288 3/24/2014 0.015 0.130 15.68 13.11 0.004 4.84 0.10 0.85 64.96 0.003 
MS289 3/24/2014 0.004 0.037 2.89 6.64 0.047 3.44 0.15 0.42 86.23 0.002 





Li  B  Na  Mg Al  Si P  K  Ca  Ti  
MS290 3/24/2014 0.036 0.185 9.16 7.51 0.002 6.73 0.10 0.85 24.48 0.004 
MS291 3/24/2014 0.015 0.164 5.41 9.34 0.082 3.46 0.17 4.37 83.09 0.002 
MS292 3/24/2014 0.009 0.065 5.25 10.32 0.006 3.64 0.11 0.64 31.33 0.001 
MS293 3/24/2014 0.001 0.014 107.32 0.24 0.005 3.49 0.13 0.18 1.79 0.001 
MS294 3/24/2014 0.014 1.013 83.74 7.68 0.019 4.01 0.18 0.73 20.41 0.002 
MS295 3/24/2014 0.009 0.075 6.35 10.50 0.003 3.84 0.11 0.65 61.96 0.002 
MS296 3/24/2014 0.016 0.074 19.41 24.31 0.011 3.71 0.10 0.95 44.09 0.001 
MS305 5/15/2014 0.016 0.029 11.30 11.67 0.024 6.64 0.06 1.39 79.14 0.002 
MS306 5/15/2014 0.006 0.013 26.08 10.25 0.030 5.35 0.05 0.86 65.95 0.002 
MS307 5/15/2014 0.009 0.026 13.05 21.96 0.018 5.96 0.05 3.27 86.81 0.002 
MS308 5/15/2014 0.014 0.019 12.37 25.30 0.014 5.28 0.03 1.86 111.90 0.001 
MS309 5/15/2014 0.013 0.060 381.96 32.49 0.170 6.90 0.16 4.59 172.31 0.004 
MS310 5/15/2014 0.007 0.025 47.07 14.29 0.018 4.79 0.06 1.00 86.34 0.001 
MS311 5/15/2014 0.012 0.008 12.63 11.42 0.032 4.86 0.06 1.31 61.65 0.001 
MS312 5/15/2014 0.005 0.029 24.12 9.78 0.287 4.49 0.08 0.94 51.39 0.001 
MS313 5/15/2014 0.007 0.002 19.59 10.94 0.012 4.92 0.05 0.77 74.28 0.001 
MS314 5/15/2014 0.009 0.020 9.20 19.10 0.063 5.02 0.02 1.06 89.98 0.001 
MS315 5/15/2014 0.015 0.028 28.04 24.39 0.001 3.80 0.03 1.53 87.03 0.001 
MS316 5/15/2014 0.020 0.107 228.60 3.25 bdl 4.06 0.05 1.14 9.83 0.001 
MS317 5/15/2014 0.014 0.015 12.21 13.57 0.012 4.77 0.04 1.42 96.34 0.001 
MS362 9/2/2014 0.009 0.015 14.29 15.68 bdl 5.97 0.05 1.35 75.69 bdl 
MS363 9/2/2014 0.008 0.008 23.33 17.51 0.070 6.21 0.09 2.56 86.92 bdl 
MS364 9/2/2014 0.015 0.023 55.29 26.59 0.021 5.82 0.06 1.94 102.67 bdl 
MS365 9/2/2014 0.013 0.010 14.26 20.20 bdl 9.32 0.07 1.39 67.16 bdl 
MS366 9/2/2014 bdl bdl 78.47 0.61 0.160 7.44 0.10 0.32 16.50 bdl 
MS367 9/2/2014 0.008 0.022 21.57 8.45 0.206 4.88 0.08 2.51 59.58 bdl 
MS368 9/2/2014 0.011 0.014 11.17 19.44 0.015 5.40 bdl 1.50 63.36 bdl 
MS369 9/2/2014 0.002 0.013 18.13 8.32 0.005 4.42 0.04 2.02 57.57 bdl 
MS370 9/2/2014 0.004 0.014 19.47 10.29 0.014 4.41 0.03 2.16 65.91 bdl 
MS371 9/2/2014 0.003 0.002 3.71 9.19 0.005 4.06 0.04 0.74 89.33 bdl 
MS372 9/2/2014 0.003 0.047 70.02 10.45 0.059 4.76 0.05 2.03 58.37 bdl 
MS373 9/2/2014 0.003 0.044 66.76 10.47 0.013 4.90 0.03 2.01 59.70 bdl 
MS374 9/2/2014 0.021 0.348 109.80 4.10 bdl 2.98 0.02 1.36 9.04 bdl 
MS438 2/13/2015 0.006 0.013 13.10 11.15 0.008 8.80 bdl 1.00 59.70 0.002 
MS439 2/13/2015 0.014 0.188 269.95 2.58 0.020 4.14 0.01 1.92 11.77 0.001 
MS440 2/13/2015 0.007 0.216 215.93 0.62 0.012 4.50 0.03 0.40 1.71 0.001 
MS452 5/7/2015 0.008 0.001 26.02 14.75 0.013 5.33 0.06 1.72 45.59 0.002 
MS458 6/2/2015 0.029 0.140 72.33 26.50 0.039 5.22 0.01 1.97 86.71 0.002 
MS459 6/2/2015 0.383 0.053 7.01 71.16 14.425 15.87 bdl 4.31 186.99 0.004 
MS525 8/11/2015 0.021 0.029 12.55 21.84 0.008 9.39 bdl 1.48 72.45 0.002 
MS548 9/1/2015 0.007 0.029 109.09 4.83 bdl 7.16 0.66 0.80 24.80 0.004 
MS555 9/24/2015 0.021 0.035 16.53 39.01 0.046 7.88 bdl 2.04 118.19 0.002 
MS556 9/24/2015 0.006 0.010 12.77 8.60 0.011 6.44 <0.01 1.12 110.93 0.001 
MS557 9/24/2015 0.008 0.011 7.87 15.99 0.008 5.82 0.01 1.18 100.34 0.001 
MS558 9/24/2015 0.005 0.027 35.49 22.08 0.226 5.61 0.05 2.10 75.77 0.002 
MS581 10/13/2015 0.006 0.007 8.52 12.56 0.135 5.26 0.11 1.55 120.90 0.002 
MS583 10/13/2015 0.009 0.014 35.31 19.42 bdl 5.66 0.01 1.28 135.35 0.001 
MS589 10/13/2015 0.015 0.066 78.41 32.71 bdl 4.39 <0.01 1.73 67.00 0.001 
MS590 10/13/2015 0.015 0.081 65.58 37.23 bdl 4.03 bdl 1.72 70.71 0.001 
MS618 10/27/2015 0.005 0.001 4.84 6.24 bdl 5.68 bdl 1.77 102.77 0.001 
 





V Cr  Mn  Fe  Co Ni Cu Zn As 
MS047 9/17/2012 bdl bdl 0.341 bdl bdl bdl bdl bdl bdl 
MS048 9/17/2012 bdl bdl 0.002 0.20 bdl 0.001 bdl bdl bdl 
MS049 9/17/2012 bdl bdl 0.003 bdl bdl bdl bdl bdl bdl 
MS059 9/18/2012 bdl bdl 0.023 0.25 bdl 0.002 0.120 bdl bdl 
MS060 9/18/2012 bdl 0.0010 bdl 0.18 bdl 0.001 bdl bdl bdl 
MS061 9/18/2012 bdl 0.0010 0.033 0.28 bdl 0.001 bdl bdl bdl 
MS062 9/18/2012 bdl bdl 0.027 0.22 bdl 0.002 bdl bdl bdl 
MS063 9/18/2012 bdl bdl 0.005 0.25 bdl 0.003 bdl bdl bdl 
MS076 11/27/2012 0.0002 0.0257 0.003 0.12 0.0001 0.009 0.012 bdl 0.006 
MS077 11/27/2012 bdl 0.0295 0.003 0.04 0.0002 0.010 0.014 bdl bdl 
MS078 11/27/2012 0.0005 0.0237 0.004 bdl bdl 0.010 0.012 bdl 0.005 
MS079 11/27/2012 0.0003 0.0313 0.063 bdl 0.0001 0.010 0.010 bdl 0.007 
MS084 11/27/2012 0.0003 0.0335 0.003 bdl bdl 0.011 0.013 bdl 0.005 
MS110 1/30/2013 0.0011 0.0024 0.008 0.07 0.0001 0.001 0.007 0.005 0.005 
MS147 2/18/2013 bdl 0.0017 0.003 0.52 0.0002 0.003 0.010 0.012 bdl 
MS148 2/18/2013 bdl 0.0022 0.006 0.56 0.0003 0.004 0.008 0.007 bdl 
MS149 2/18/2013 bdl 0.0022 0.030 0.48 0.0003 0.005 0.024 0.724 bdl 
MS150 2/18/2013 bdl 0.0018 0.075 0.69 0.0002 0.004 0.003 0.001 bdl 
MS151 2/18/2013 bdl 0.0023 0.003 0.83 0.0004 0.008 0.010 bdl bdl 
CC1 8/21/2013 bdl 0.0022 0.068 0.05 0.0001 <0.001 0.006 0.002 bdl 
CC2 8/21/2013 bdl 0.0021 0.003 0.42 0.0002 0.002 0.004 0.012 bdl 
CC3 8/21/2013 bdl 0.0016 0.041 0.25 0.0001 0.001 0.036 0.003 bdl 
CC4 8/21/2013 bdl 0.0021 0.002 0.33 0.0001 0.001 0.005 0.003 bdl 
CC5 8/21/2013 bdl 0.0016 0.061 0.18 0.0001 0.001 0.010 0.013 bdl 
CC6 8/21/2013 bdl 0.0006 0.011 0.19 0.0002 0.002 0.023 0.011 bdl 
CC7 8/21/2013 bdl 0.0004 0.426 0.31 0.0004 0.002 0.001 0.569 bdl 
CC8 8/21/2013 bdl 0.0012 0.006 0.27 0.0002 0.002 0.004 0.011 bdl 
MS252 1/16/2014 bdl 0.0015 0.284 1.27 0.0001 0.003 0.024 0.441 bdl 
MS258 1/30/2014 bdl 0.0011 0.033 0.35 0.0002 0.003 0.013 0.009 bdl 
MS259 1/30/2014 bdl 0.0010 bdl 0.43 0.0002 0.003 0.013 0.006 bdl 
MS260 1/30/2014 bdl 0.0010 bdl 0.40 0.0002 0.025 0.012 0.009 bdl 
MS262 1/30/2014 0.0022 bdl 9.352 76.87 0.0099 0.003 0.002 0.024 0.019 
MS263 2/13/2014 <0.0001 0.0012 0.018 0.21 0.0001 bdl 0.003 0.006 <0.001 
MS264 2/13/2014 0.0002 0.0019 0.009 0.36 0.0002 bdl 0.006 0.024 0.001 
MS265 2/13/2014 0.0018 0.0019 0.001 0.67 0.0003 <0.001 0.011 0.008 0.003 
MS266 2/13/2014 <0.0001 0.0024 0.001 0.42 0.0002 bdl 0.016 0.019 0.001 
MS267 2/13/2014 <0.0001 0.0022 0.001 0.42 0.0002 bdl 0.008 0.007 0.001 
MS278 3/24/2014 bdl 0.0007 0.087 0.78 0.0006 0.001 0.035 0.011 bdl 
MS279 3/24/2014 bdl 0.0005 0.001 1.10 0.0006 0.001 0.024 0.002 bdl 
MS280 3/24/2014 bdl 0.0010 0.001 0.79 0.0003 0.001 0.015 0.005 bdl 
MS281 3/24/2014 bdl 0.0128 0.005 1.43 0.0006 0.003 0.236 0.128 bdl 
MS282 3/24/2014 bdl 0.0009 0.010 1.39 0.0006 0.003 0.054 0.026 bdl 
MS283 3/24/2014 bdl 0.0015 0.004 0.66 0.0004 0.001 0.032 0.007 bdl 
MS284 3/24/2014 bdl 0.0006 0.002 0.80 0.0005 0.001 0.014 0.005 bdl 
MS285 3/24/2014 bdl 0.0018 0.005 0.31 0.0004 0.001 0.029 0.073 bdl 
MS286 3/24/2014 bdl 0.0007 0.257 54.00 0.0006 0.001 0.014 0.002 bdl 
MS287 3/24/2014 bdl 0.0009 0.001 1.62 0.0006 0.002 0.027 0.003 bdl 
MS288 3/24/2014 bdl 0.0004 0.257 1.68 0.0005 0.003 0.020 0.013 bdl 
MS289 3/24/2014 bdl 0.0022 0.010 1.80 0.0006 0.006 0.104 0.199 bdl 
MS290 3/24/2014 bdl bdl 0.090 2.00 0.0006 0.002 0.070 0.015 bdl 
MS291 3/24/2014 bdl 0.0006 0.005 1.72 0.0007 0.006 0.024 0.034 bdl 





V Cr  Mn  Fe  Co Ni Cu Zn As 
MS292 3/24/2014 bdl bdl 0.005 0.71 0.0004 0.003 0.052 0.007 bdl 
MS293 3/24/2014 bdl 0.0002 0.001 0.19 0.0003 0.001 0.025 0.007 bdl 
MS294 3/24/2014 bdl 0.0002 0.043 0.57 0.0003 0.002 0.010 0.005 bdl 
MS295 3/24/2014 bdl 0.0007 0.005 1.26 0.0004 0.004 0.076 0.011 bdl 
MS296 3/24/2014 bdl 0.0004 0.002 0.97 0.0004 0.003 0.021 0.005 bdl 
MS305 5/15/2014 bdl 0.0017 0.149 1.65 0.0002 0.001 0.008 0.139 0.004 
MS306 5/15/2014 bdl 0.0029 <0.001 0.45 0.0001 0.001 0.004 0.006 0.003 
MS307 5/15/2014 bdl 0.0025 <0.001 0.57 0.0002 0.001 0.023 0.036 0.005 
MS308 5/15/2014 bdl 0.0041 bdl 0.73 0.0003 0.002 0.008 0.001 0.004 
MS309 5/15/2014 bdl 0.0558 0.264 22.60 0.0029 0.013 0.403 0.342 0.010 
MS310 5/15/2014 bdl 0.0018 <0.001 0.58 0.0002 0.002 0.008 0.029 0.005 
MS311 5/15/2014 bdl 0.0023 0.002 0.44 0.0002 0.002 0.029 0.019 0.005 
MS312 5/15/2014 bdl 0.0027 0.043 0.61 0.0006 0.001 0.004 0.010 0.006 
MS313 5/15/2014 bdl 0.0023 0.002 0.51 0.0002 0.001 0.008 0.047 0.007 
MS314 5/15/2014 bdl 0.0032 0.001 0.61 0.0002 0.002 0.007 0.005 0.006 
MS315 5/15/2014 bdl 0.0030 0.001 0.57 0.0002 0.002 0.020 0.106 0.006 
MS316 5/15/2014 bdl 0.0041 0.003 0.09 0.0001 bdl 0.004 bdl 0.006 
MS317 5/15/2014 bdl 0.0030 <0.001 0.63 0.0003 0.002 0.021 0.025 0.007 
MS362 9/2/2014 bdl 0.0002 0.337 0.74 0.0002 0.001 0.009 bdl 0.001 
MS363 9/2/2014 0.0001 0.0015 0.021 0.49 0.0004 0.002 0.020 0.043 0.003 
MS364 9/2/2014 bdl 0.0014 0.002 0.54 0.0004 0.003 0.021 0.012 0.002 
MS365 9/2/2014 bdl 0.0010 0.066 0.93 0.0003 0.001 0.037 0.007 0.002 
MS366 9/2/2014 bdl 0.0008 0.033 0.18 0.0002 <0.001 0.010 0.177 0.001 
MS367 9/2/2014 0.0006 0.0012 0.132 0.61 0.0014 0.004 0.003 0.111 0.004 
MS368 9/2/2014 bdl bdl 0.024 0.32 bdl 0.001 0.004 0.074 <0.001 
MS369 9/2/2014 bdl bdl 0.011 0.32 bdl 0.001 0.002 bdl 0.001 
MS370 9/2/2014 bdl bdl 0.008 0.37 bdl <0.001 0.001 bdl 0.001 
MS371 9/2/2014 bdl bdl bdl 0.45 bdl 0.001 0.014 0.026 <0.001 
MS372 9/2/2014 bdl bdl 0.053 0.43 bdl 0.001 0.007 bdl 0.001 
MS373 9/2/2014 bdl bdl 0.055 0.41 bdl <0.001 0.004 bdl 0.001 
MS374 9/2/2014 bdl bdl 0.015 0.06 bdl bdl 0.014 bdl 0.001 
MS438 2/13/2015 bdl <0.001 1.434 3.16 <0.0001 0.001 0.002 0.051 bdl 
MS439 2/13/2015 bdl 0.0011 0.033 0.11 bdl <0.001 0.027 0.047 bdl 
MS440 2/13/2015 bdl bdl <0.001 bdl bdl bdl 0.036 <0.01 bdl 
MS452 5/7/2015 0.0002 0.0022 0.033 0.59 0.0004 0.003 0.065 0.204 <0.001 
MS458 6/2/2015 0.0004 0.0055 0.003 0.52 0.0004 0.002 0.014 0.249 0.001 
MS459 6/2/2015 0.0003 0.0035 18.324 1.07 0.2733 0.481 0.009 0.655 0.001 
MS525 8/11/2015 0.0001 0.0010 <0.001 0.50 bdl 0.001 0.004 <0.01 <0.001 
MS548 9/1/2015 bdl 0.0031 <0.001 0.13 0.0001 <0.001 0.010 bdl bdl 
MS555 9/24/2015 bdl 0.0011 0.009 0.65 0.0003 0.007 0.037 0.008 bdl 
MS556 9/24/2015 bdl 0.0007 <0.001 0.56 0.0002 0.004 0.016 0.027 <0.001 
MS557 9/24/2015 bdl <0.001 0.053 0.56 0.0003 0.002 <0.001 0.007 <0.001 
MS558 9/24/2015 0.0007 0.0009 0.096 0.69 0.0007 0.002 0.002 <0.01 0.001 
MS581 10/13/2015 bdl 0.0014 0.013 0.78 0.0004 0.004 0.001 bdl bdl 
MS583 10/13/2015 <0.0001 0.0022 0.005 0.89 0.0003 0.007 0.003 0.006 bdl 
MS589 10/13/2015 bdl 0.0028 <0.001 0.38 0.0001 0.002 0.006 0.045 bdl 
MS590 10/13/2015 bdl 0.0029 <0.001 0.39 0.0002 0.004 0.003 0.006 bdl 









Se  Rb Sr Mo Ag Cd Sn Sb Ba 
MS047 9/17/2012 bdl bdl 0.11 0.0020 bdl bdl bdl bdl 0.10 
MS048 9/17/2012 bdl bdl 0.16 0.0013 bdl bdl bdl 0.0001 0.11 
MS049 9/17/2012 bdl 0.001 0.60 bdl bdl bdl bdl bdl 0.22 
MS059 9/18/2012 bdl bdl 0.24 bdl bdl bdl bdl bdl 0.21 
MS060 9/18/2012 bdl 0.012 0.37 0.0014 bdl bdl bdl bdl 0.13 
MS061 9/18/2012 bdl bdl 0.18 0.0006 bdl bdl bdl 0.0001 0.17 
MS062 9/18/2012 0.001 bdl 0.38 0.0021 bdl bdl bdl 0.0001 0.20 
MS063 9/18/2012 0.004 bdl 0.31 bdl bdl bdl bdl bdl 0.23 
MS076 11/27/2012 bdl bdl 0.26 0.0009 bdl bdl bdl bdl bdl 
MS077 11/27/2012 bdl bdl 0.18 bdl bdl bdl bdl bdl bdl 
MS078 11/27/2012 bdl bdl 0.27 0.0012 bdl bdl bdl bdl bdl 
MS079 11/27/2012 bdl bdl 0.67 <0.0001 bdl bdl bdl bdl 0.24 
MS084 11/27/2012 bdl bdl 0.15 0.0013 bdl bdl bdl bdl bdl 
MS110 1/30/2013 bdl 0.002 0.93 0.0005 bdl <0.00001 bdl 0.0001 0.18 
MS147 2/18/2013 0.003 0.003 1.97 0.0006 bdl bdl bdl 0.0001 0.67 
MS148 2/18/2013 0.002 0.002 0.56 0.0002 bdl bdl bdl 0.0001 0.09 
MS149 2/18/2013 0.004 0.002 1.41 0.0002 bdl 0.00006 bdl 0.0002 0.17 
MS150 2/18/2013 0.003 0.005 3.00 0.0001 bdl bdl bdl 0.0001 0.50 
MS151 2/18/2013 0.005 0.001 0.85 0.0005 bdl bdl bdl 0.0001 0.27 
CC1 8/21/2013 bdl 0.001 0.23 0.0001 bdl bdl bdl <0.0001 0.14 
CC2 8/21/2013 bdl 0.001 0.56 0.0001 bdl bdl bdl bdl 0.35 
CC3 8/21/2013 <0.001 0.001 1.13 0.0005 bdl bdl bdl <0.0001 0.14 
CC4 8/21/2013 bdl 0.001 0.42 0.0002 bdl bdl bdl <0.0001 0.12 
CC5 8/21/2013 bdl 0.001 1.04 0.0006 bdl bdl bdl <0.0001 0.13 
CC6 8/21/2013 bdl <0.001 0.27 0.0001 bdl <0.00001 bdl <0.0001 0.10 
CC7 8/21/2013 0.001 0.001 0.36 0.0006 bdl <0.00001 bdl <0.0001 0.12 
CC8 8/21/2013 bdl <0.001 0.25 0.0002 bdl 0.00019 bdl <0.0001 0.10 
MS252 1/16/2014 bdl 0.001 0.21 0.0002 0.0002 bdl 0.001 bdl 0.27 
MS258 1/30/2014 bdl 0.001 0.61 0.0006 bdl bdl 0.048 0.0001 0.13 
MS259 1/30/2014 bdl 0.001 0.69 0.0005 bdl bdl 0.040 0.0001 0.17 
MS260 1/30/2014 bdl 0.001 0.68 0.0006 bdl bdl 0.042 0.0001 0.17 
MS262 1/30/2014 bdl 0.002 0.45 0.0002 0.0003 bdl 0.001 0.0003 1.05 
MS263 2/13/2014 0.002 <0.001 0.72 0.0031 bdl <0.00001 0.020 0.0001 0.24 
MS264 2/13/2014 0.002 0.001 0.98 0.0007 bdl <0.00001 0.024 0.0001 0.19 
MS265 2/13/2014 0.002 0.002 1.60 0.0026 bdl <0.00001 0.061 0.0002 0.18 
MS266 2/13/2014 0.001 0.001 0.82 0.0006 bdl <0.00001 0.014 0.0001 0.18 
MS267 2/13/2014 0.002 0.001 0.81 0.0007 bdl <0.00001 0.019 0.0001 0.17 
MS278 3/24/2014 bdl 0.001 0.32 0.0005 0.0040 0.00008 0.034 0.0002 0.30 
MS279 3/24/2014 bdl 0.001 0.46 0.0004 0.0030 0.00002 0.022 0.0002 0.10 
MS280 3/24/2014 bdl <0.001 0.32 0.0002 0.0012 bdl 0.059 <0.0001 0.17 
MS281 3/24/2014 0.001 <0.001 0.27 0.0005 0.0039 0.00005 0.030 0.0004 0.20 
MS282 3/24/2014 0.001 0.003 0.47 0.0008 0.0045 0.00006 0.021 0.0003 0.29 
MS283 3/24/2014 bdl 0.001 2.03 0.0015 0.0042 bdl 0.056 0.0001 0.29 
MS284 3/24/2014 bdl <0.001 0.24 0.0445 0.0034 0.00011 0.022 0.0001 0.09 
MS285 3/24/2014 0.001 <0.001 <0.01 0.0007 0.0034 0.00005 0.061 0.0001 0.03 
MS286 3/24/2014 0.002 0.001 0.55 0.0012 0.0041 0.00003 0.018 0.0001 0.56 
MS287 3/24/2014 bdl 0.001 0.27 0.0005 0.0024 0.00003 0.030 0.0001 0.12 
MS288 3/24/2014 0.001 0.001 0.54 0.0003 0.0043 0.00002 0.038 0.0001 0.24 
MS289 3/24/2014 0.001 <0.001 0.25 0.0005 0.0048 0.00009 0.066 0.0001 0.23 
MS290 3/24/2014 bdl 0.001 0.51 0.0002 0.0030 bdl 0.031 0.0001 0.13 
MS291 3/24/2014 0.001 0.003 0.33 0.0010 0.0035 0.00004 <0.001 0.0001 0.08 





Se  Rb Sr Mo Ag Cd Sn Sb Ba 
MS292 3/24/2014 bdl <0.001 0.25 0.0002 0.0034 0.00002 <0.001 0.0002 0.14 
MS293 3/24/2014 bdl <0.001 0.01 0.0002 0.0015 0.00002 <0.001 0.0001 <0.01 
MS294 3/24/2014 bdl 0.001 0.49 0.0001 0.0015 bdl <0.001 0.0015 0.20 
MS295 3/24/2014 bdl <0.001 0.42 0.0003 0.0029 bdl <0.001 0.0001 0.14 
MS296 3/24/2014 0.002 0.001 0.54 0.0010 0.0037 bdl <0.001 0.0001 0.08 
MS305 5/15/2014 0.003 0.002 0.60 bdl bdl bdl 0.003 bdl 0.06 
MS306 5/15/2014 0.003 <0.001 0.27 bdl bdl bdl 0.002 bdl 0.15 
MS307 5/15/2014 0.002 0.001 0.40 bdl bdl bdl 0.003 bdl 0.08 
MS308 5/15/2014 0.004 0.001 0.27 bdl bdl bdl 0.001 bdl 0.11 
MS309 5/15/2014 0.004 0.003 0.95 bdl bdl bdl <0.001 bdl 0.46 
MS310 5/15/2014 0.002 <0.001 0.30 bdl bdl bdl 0.001 bdl 0.11 
MS311 5/15/2014 0.004 0.002 0.37 bdl bdl bdl 0.002 bdl 0.16 
MS312 5/15/2014 0.003 <0.001 0.24 bdl bdl bdl bdl bdl 0.08 
MS313 5/15/2014 0.005 0.001 0.23 bdl bdl bdl 0.002 bdl 0.07 
MS314 5/15/2014 0.007 0.001 0.38 bdl bdl bdl 0.001 bdl 0.08 
MS315 5/15/2014 0.004 0.001 0.92 bdl bdl bdl 0.002 bdl 0.06 
MS316 5/15/2014 0.004 0.002 0.41 bdl bdl bdl 0.001 bdl 1.08 
MS317 5/15/2014 0.004 0.001 0.42 bdl bdl bdl 0.002 bdl 0.06 
MS362 9/2/2014 0.002 0.002 0.48 0.0008 bdl bdl 0.004 0.0002 0.16 
MS363 9/2/2014 0.002 0.001 0.27 0.0009 0.0003 0.00006 0.006 0.0003 0.20 
MS364 9/2/2014 0.004 0.002 0.48 0.0009 0.0001 bdl 0.004 0.0002 0.14 
MS365 9/2/2014 0.002 0.002 0.33 0.0005 0.0001 bdl 0.003 0.0002 0.16 
MS366 9/2/2014 0.003 <0.001 0.02 0.0004 0.0001 bdl 0.008 0.0001 0.01 
MS367 9/2/2014 0.003 0.001 0.26 0.0013 0.0003 bdl 0.001 0.0002 0.10 
MS368 9/2/2014 bdl 0.002 1.00 bdl bdl bdl bdl bdl 0.24 
MS369 9/2/2014 bdl <0.001 0.26 bdl bdl bdl bdl bdl 0.09 
MS370 9/2/2014 bdl <0.001 0.33 bdl bdl bdl bdl bdl 0.11 
MS371 9/2/2014 bdl <0.001 0.33 bdl bdl bdl 0.015 bdl 0.20 
MS372 9/2/2014 bdl <0.001 0.42 bdl bdl bdl 0.001 bdl 0.13 
MS373 9/2/2014 bdl <0.001 0.41 bdl bdl bdl bdl bdl 0.12 
MS374 9/2/2014 bdl 0.001 0.71 bdl bdl bdl 0.001 bdl 0.23 
MS438 2/13/2015 bdl 0.001 0.39 0.0010 bdl <0.00001 0.002 <0.0001 0.16 
MS439 2/13/2015 0.006 0.002 0.48 0.0003 bdl <0.00001 0.003 0.0001 0.32 
MS440 2/13/2015 bdl <0.001 0.07 0.0020 bdl <0.00001 0.004 <0.0001 0.02 
MS452 5/7/2015 0.001 0.001 0.27 0.0004 0.0008 0.00007 0.004 <0.0001 0.14 
MS458 6/2/2015 0.002 0.002 0.62 0.0011 bdl 0.00014 0.005 0.0020 0.02 
MS459 6/2/2015 0.004 0.003 0.62 0.0009 bdl 0.00239 0.004 0.0001 bdl 
MS525 8/11/2015 <0.001 0.001 0.28 bdl bdl <0.00001 0.001 <0.0001 0.05 
MS548 9/1/2015 0.001 0.001 0.23 0.0007 bdl <0.00001 0.002 0.0001 0.06 
MS555 9/24/2015 <0.001 0.002 1.11 0.0006 <0.0001 bdl 0.002 0.0012 0.03 
MS556 9/24/2015 0.001 0.001 0.29 0.0012 bdl bdl 0.002 0.0009 0.05 
MS557 9/24/2015 0.002 0.001 0.31 0.0008 bdl bdl 0.002 0.0008 0.07 
MS558 9/24/2015 0.001 0.001 0.37 0.0007 bdl <0.00001 <0.001 0.0007 0.08 
MS581 10/13/2015 0.001 0.001 0.38 0.0005 bdl <0.00001 0.001 0.0006 0.12 
MS583 10/13/2015 0.001 0.001 0.54 0.0003 bdl <0.00001 0.001 0.0004 0.23 
MS589 10/13/2015 0.003 0.001 1.18 0.0006 bdl <0.00001 0.004 0.0003 0.05 
MS590 10/13/2015 0.002 0.001 1.77 0.0006 bdl <0.00001 0.006 0.0003 0.06 













W  Pb U W Pb U 
MS047 9/17/2012 bdl bdl 0.0002  MS292 3/24/2014 bdl 0.0001 0.0003 
MS048 9/17/2012 bdl bdl 0.0003  MS293 3/24/2014 bdl 0.0002 0.0002 
MS049 9/17/2012 bdl bdl bdl  MS294 3/24/2014 bdl 0.0012 <0.0001 
MS059 9/18/2012 bdl bdl 0.0004  MS295 3/24/2014 bdl 0.0012 0.0005 
MS060 9/18/2012 bdl bdl 0.0002  MS296 3/24/2014 bdl 0.0088 0.0007 
MS061 9/18/2012 bdl bdl 0.0003  MS305 5/15/2014 bdl bdl bdl 
MS062 9/18/2012 bdl bdl 0.0007  MS306 5/15/2014 bdl bdl 0.0007 
MS063 9/18/2012 bdl bdl 0.0006  MS307 5/15/2014 bdl 0.0005 0.0004 
MS076 11/27/2012 bdl bdl 0.0002  MS308 5/15/2014 bdl 0.0003 0.0014 
MS077 11/27/2012 bdl bdl 0.0001  MS309 5/15/2014 bdl 0.0717 0.0011 
MS078 11/27/2012 bdl bdl 0.0003  MS310 5/15/2014 bdl 0.0003 0.0005 
MS079 11/27/2012 bdl bdl bdl  MS311 5/15/2014 bdl 0.0005 0.0001 
MS084 11/27/2012 bdl bdl bdl  MS312 5/15/2014 bdl 0.0020 0.0003 
MS110 1/30/2013 0.0004 0.0001 <0.0001  MS313 5/15/2014 bdl bdl 0.0007 
MS147 2/18/2013 bdl bdl 0.0001  MS314 5/15/2014 bdl 0.0017 0.0006 
MS148 2/18/2013 bdl bdl <0.0001  MS315 5/15/2014 bdl 0.0001 0.0012 
MS149 2/18/2013 bdl 0.0008 0.0007  MS316 5/15/2014 bdl bdl bdl 
MS150 2/18/2013 bdl bdl <0.0001  MS317 5/15/2014 bdl 0.0044 0.0005 
MS151 2/18/2013 bdl 0.0001 0.0005  MS362 9/2/2014 0.0015 0.0001 bdl 
CC1 8/21/2013 0.0003 <0.0001 bdl  MS363 9/2/2014 0.0015 0.0007 0.0006 
CC2 8/21/2013 0.0001 <0.0001 0.0003  MS364 9/2/2014 0.0011 0.0007 0.0013 
CC3 8/21/2013 0.0001 0.0009 0.0001  MS365 9/2/2014 0.0007 0.0008 bdl 
CC4 8/21/2013 0.0001 <0.0001 0.0007  MS366 9/2/2014 0.0007 0.0002 bdl 
CC5 8/21/2013 0.0001 bdl 0.0001  MS367 9/2/2014 0.0007 0.0006 0.0007 
CC6 8/21/2013 0.0001 <0.0001 0.0001  MS368 9/2/2014 bdl 0.0006 bdl 
CC7 8/21/2013 0.0001 <0.0001 0.0002  MS369 9/2/2014 bdl bdl bdl 
CC8 8/21/2013 0.0002 <0.0001 0.0005  MS370 9/2/2014 bdl bdl bdl 
MS252 1/16/2014 bdl 0.0003 bdl  MS371 9/2/2014 bdl bdl bdl 
MS258 1/30/2014 bdl 0.0003 0.0006  MS372 9/2/2014 bdl bdl bdl 
MS259 1/30/2014 bdl 0.0003 0.0005  MS373 9/2/2014 bdl bdl bdl 
MS260 1/30/2014 bdl 0.0008 0.0005  MS374 9/2/2014 bdl bdl bdl 
MS262 1/30/2014 bdl 0.0005 0.0002  MS438 2/13/2015 0.0001 bdl <0.0001 
MS263 2/13/2014 0.0003 0.0001 0.0002  MS439 2/13/2015 0.0001 0.0003 <0.0001 
MS264 2/13/2014 0.0003 0.0003 0.0004  MS440 2/13/2015 0.0002 bdl <0.0001 
MS265 2/13/2014 0.0002 0.0003 0.0004  MS452 5/7/2015 0.0008 0.0040 0.0006 
MS266 2/13/2014 0.0002 0.0012 0.0006  MS458 6/2/2015 0.0014 0.0039 0.0010 
MS267 2/13/2014 0.0002 0.0007 0.0006  MS459 6/2/2015 0.0011 0.0025 0.0007 
MS278 3/24/2014 bdl 0.0001 <0.0001  MS525 8/11/2015 bdl bdl bdl 
MS279 3/24/2014 bdl 0.0001 0.0004  MS548 9/1/2015 0.0001 0.0002 0.0001 
MS280 3/24/2014 bdl 0.0002 0.0002  MS555 9/24/2015 0.0010 0.0004 0.0001 
MS281 3/24/2014 bdl 0.0150 0.0006  MS556 9/24/2015 0.0008 0.0005 0.0005 
MS282 3/24/2014 bdl 0.0010 <0.0001  MS557 9/24/2015 0.0006 <0.0001 0.0006 
MS283 3/24/2014 bdl 0.0003 <0.0001  MS558 9/24/2015 0.0005 0.0016 0.0010 
MS284 3/24/2014 bdl bdl 0.0006  MS581 10/13/2015 0.0004 0.0004 0.0007 
MS285 3/24/2014 bdl 0.0002 0.0004  MS583 10/13/2015 0.0003 0.0007 0.0002 
MS286 3/24/2014 bdl 0.0006 0.0001  MS589 10/13/2015 0.0001 0.0005 0.0006 
MS287 3/24/2014 bdl 0.0002 0.0003  MS590 10/13/2015 0.0001 0.0001 0.0005 
MS288 3/24/2014 bdl 0.0003 0.0003  MS618 10/27/2015 0.0002 <0.0001 0.0005 
MS289 3/24/2014 bdl 0.0148 0.0005       
MS290 3/24/2014 bdl 0.0100 bdl       
MS291 3/24/2014 bdl 0.0005 0.0004       
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Methane Ethane Ethene Propane Propylene Butane 
MS110 1/14/2013 71.68 0.02 ND 0.04 ND ND 
MS151 2/11/2013 ND ND ND ND ND ND 
CC1 8/19/2013 3007.14 0.21 ND 0.02 0.02 ND 
CC2 8/19/2013 ND ND ND ND ND ND 
CC3 8/19/2013 0.65 ND ND ND ND ND 
CC4 8/19/2013 ND ND ND ND ND ND 
CC5 8/19/2013 26.49 ND ND ND 0.02 ND 
CC6 8/19/2013 ND ND ND ND ND ND 
CC7 8/19/2013 4.61 0.02 ND ND ND ND 
CC8 8/19/2013 ND ND ND ND ND ND 
MS252 1/3/2014 3158.48 14.75 ND ND 0.02 0.28 
MS258 1/22/2014 0.53 0.01 ND ND ND ND 
MS260 1/22/2014 ND ND ND ND ND ND 
MS263 1/30/2014 ND ND ND ND ND ND 
MS264 1/30/2014 0.34 ND ND ND ND ND 
MS265 1/30/2014 20.42 0.39 ND ND ND ND 
MS267 2/10/2014 ND ND ND ND ND ND 
MS278 3/26/2014 4.77 ND ND ND ND ND 
MS279 3/25/2014 ND ND ND ND ND ND 
MS280 3/25/2014 ND ND ND ND ND ND 
MS281 3/25/2014 0.85 ND ND ND ND ND 
MS282 3/25/2014 ND ND ND ND ND ND 
MS283 3/25/2014 1.03 ND ND ND ND ND 
MS285 3/25/2014 ND ND ND ND ND ND 
MS286 3/25/2014 ND ND ND ND ND ND 
MS287 3/25/2014 ND ND ND ND ND ND 
MS288 3/25/2014 7.12 ND ND ND ND ND 
MS289 3/25/2014 ND ND ND ND ND ND 
MS290 3/25/2014 0.33 ND ND ND ND ND 
MS291 3/26/2014 ND ND ND ND ND ND 
MS292 3/26/2014 ND ND ND ND ND ND 
MS293 3/26/2014 ND ND ND ND ND ND 
MS294 3/26/2014 1457.19 1.18 ND ND 0.04 ND 
MS295 3/26/2014 ND ND ND ND ND ND 
MS296 3/26/2014 ND ND ND ND ND ND 
MS305 5/13/2014 8.34 ND ND ND 0.04 ND 
MS306 5/13/2014 ND ND ND ND ND ND 
MS307 5/13/2014 ND ND 0.01 ND ND ND 
MS308 5/13/2014 ND ND ND ND ND ND 
MS309 5/13/2014 4.31 0.02 ND ND ND ND 
MS310 5/13/2014 ND ND ND ND ND ND 
MS311 5/13/2014 ND ND ND ND ND ND 
MS312 5/13/2014 0.4 ND ND ND ND ND 
MS313 5/13/2014 3.54 ND ND ND ND ND 
MS314 5/13/2014 0.96 0.05 ND ND ND ND 
MS315 5/13/2014 ND ND ND ND ND ND 
MS316 5/13/2014 10573.82 692.31 ND 0.25 0.17 ND 
MS317 5/13/2014 2.42 0.13 ND ND ND ND 
MS362 8/29/2014 63.79 0.12 ND ND 0.03 ND 





Methane Ethane Ethene Propane Propylene Butane 
MS363 8/29/2014 ND ND ND ND ND ND 
MS364 8/29/2014 ND ND ND ND ND ND 
MS365 8/29/2014 ND ND ND ND ND ND 
MS366 8/29/2014 16.70 0.03 ND 0.02 0.05 ND 
MS367 8/29/2014 3.70 ND ND ND ND ND 
MS368 8/29/2014 ND ND ND ND ND ND 
MS369 8/29/2014 1.41 ND ND ND ND ND 
MS370 8/29/2014 0.79 ND ND ND ND ND 
MS371 8/29/2014 ND ND ND ND ND ND 
MS372 8/29/2014 5.08 ND ND ND ND ND 
MS373 8/29/2014 2.07 ND ND ND ND ND 
MS374 8/29/2014 195.27 0.05 ND 0.03 0.04 ND 
MS438 1/23/2015 195.27 0.04 0.02 ND ND ND 
MS439 1/23/2015 7254.24 12.39 ND ND 0.03 ND 
MS440 1/23/2015 0.42 0.03 ND ND ND ND 
MS452 5/1/2015 3.94 ND ND ND ND ND 
MS458 5/22/2015 ND ND ND ND ND ND 
MS525 8/5/2015 ND ND ND ND ND ND 
MS548 8/25/2015 0.37 ND ND ND ND ND 
MS555 9/10/2015 ND ND ND ND ND ND 
MS556 9/10/2015 ND ND ND ND ND ND 
MS557 9/10/2015 1.49 ND ND ND ND ND 
MS558 9/10/2015 0.50 ND ND ND ND ND 
MS581 10/1/2015 ND ND ND ND ND ND 
MS583 10/1/2015 ND ND ND ND ND ND 
MS589 10/1/2015 ND ND ND ND ND ND 
MS590 10/1/2015 ND ND ND ND ND ND 
MS618 10/22/2015 ND ND ND ND ND ND 
 
 
